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Abstract 
 The first half of this thesis (Chapter 2) described the development of a fluoride-promoted 
conjugate addition of sulfur-stabilized carbanion nucleophiles to α,β-unsaturated ketones and 
esters. This reaction was achieved using a substoichiometric amount of TBAF, resulting in high 
yields on the desired 1,4-addition product. The addition of 1,3-dithianes was given particular focus 
as a novel method for the preparation of differentially protect 1,4-dicarbonyl compounds. 
Observation by 13C NMR spectroscopy provided evidence that the reaction proceeds through an 
ion pair, and attempts to extend this reaction to asymmetric additions using a chiral counterion are 
presented in detail. 
 
 The second half of this thesis (Chapter 3) details development of a phase transfer catalyzed 
[2,3]-sigmatropic rearrangement of allyloxy carbonyl compounds. Initial investigation focused on 
identifying viable substrate classes that would undergo selective [2,3]-rearrangement under phase 
transfer conditions. Under certain conditions, the [2,3]-sigmatropic rearrangement of allyloxy 
carbonyl compounds takes place in the presence of a phase transfer agent, providing a rare example 
of a phase transfer catalyzed unimolecular reaction. In the course of this investigation it was found 
that catalysis is dependent on several variables including base concentration, catalyst structure, 
and substrate lipophilicity. Preliminary testing of chiral, non-racemic phase transfer catalysts has 
shown promising levels of enantioselectivity for future development.  
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Chapter 1: Introduction to Enantioselective Quaternary Ammonium Ion Pair Catalysis 
  
1.1 Introduction to Enantioselective Organocatalysis 
 The ability to produce chiral small molecules as single enantiomers is of paramount 
importance in the field of organic synthesis. Within the pharmaceutical industry, any chiral 
medicinal compound bearing a stereogenic center must be tested and produced in chiral, non-
racemic form.1,2 This requirement arises from the fact that these compounds ultimately interact 
with a chiral target (the human body) and different enantiomers can have inherently different 
biological activities. In some cases, application of the “wrong” enantiomer (distomer) as a 
pharmaceutical agent has had disastrous effects.3 The importance of chirality is not lost on other 
sectors of the chemical industry. Enantioenrichment (or lack thereof) can have a significant impact 
in the areas of agriculture, flagrance, and flavors.4,5 Chirality also plays a crucial role in the 
macroscopic properties of certain materials.6  
 Historically, chiral molecules can be obtained from one of two sources, either from 
available natural products that already exist as single enantiomers (termed the “chiral pool”) or 
through the resolution of a racemic mixture typically using components of the chiral pool to act as 
a resolving agent.7,8 Using these approaches chemists are limited to the types of chiral entities 
nature has already made. While the structural diversity of natural products is vast, and in some 
cases unbelievably complex, the availability and sustainability of appropriate quantities for their 
use in the chemical industry can be an issue. Resolution has been a reliable means of obtaining 
highly enantioenriched compounds, but suffers from the limitation that at least 50% of the material 
is discarded. In addition, development of resolution methods for previously unknown chemical 
entities can be challenging depending upon the kinds of functional group present. These 
restrictions can be alleviated by the development of asymmetric catalysis, in which a 
substoichiometric amount of a chiral catalyst can produce (theoretically) a single enantiomer. 
 Asymmetric catalysis has taken on many forms over time. 9,10 Biocatalysts (enzymes) 
provide extremely high levels of enantioselectivity, high catalytic turnover numbers, and pose little 
danger in large-scale production.11 Unfortunately, biocatalysts tend to suffer from very limited 
substrate scope. With the advent of directed evolution, it is becoming possible to tailor biocatalysts 
to a desired transformation, but the cost to do so at this stage is a major drawback. In contrast to 
biocatalysts, metal-based catalysts typically show very broad substrate scope.12 The metal atom 
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provides the catalytically active center on which to append a source of chirality, allowing for high 
levels of enantioinduction. The limited quantities of certain metals available in the earth 
contributes to the high cost of traditional transition metal catalysts, and thus large scale production 
based upon this technology can be cost prohibitive. Additionally, metal catalysts can often be 
sensitive to poisoning from air, water, and reaction byproducts. The inherent toxicity of metals is 
also of concern when these methods are applied in the late-stage synthesis of pharmaceutical agents 
since metal contaminants are highly regulated within good manufacturing practices (GMP) 
guidelines. As an alternative to metal catalysts, organocatalysts have received significant attention 
in the area of asymmetric synthesis.13 Small organic molecules (termed “organocatalysts”) tend to 
have enhanced stability to water and air, are less easily poisoned, significantly less toxic, and pose 
fewer environmental hazards when it comes to the produced waste streams. Many organocatalysts 
are derived from abundant natural products (amino-acids, Cinchona alkaloids) making them less 
expensive than metal catalysts. Diminished catalyst cost can allow for processes that proceed with 
lower turnover numbers since high catalyst loadings are less cost prohibitive. 
 The term “organocatalysis” was first coined by MacMillan in 2000.14 Since the early work 
of MacMillan14 and List,15 many articles have been published concerning the use of chiral 
organocatalysts.13,16  Despite the enormous amount of study on asymmetric organocatalysis in the 
academic community, the first asymmetric organocatalytic processes were actually developed 
many years earlier within industrial laboratories, perhaps indicating the importance of this field on 
industrial scale processes.17 Two early discoveries deserve mention. First, an enantioselective aldol 
addition catalyzed by proline was discovered independently by two groups at Schering AG18 and 
Hoffmann-La Roche19 in the early 1970s (Scheme 1). This early example of enamine catalysis was 
key to the preparation of enantioenriched progesterone intermediate 3. 
 Second, in 1984 Dolling and coworkers at Merck reported the first example of an 
enantioselective phase transfer catalysis (PTC) for the stereocontrolled alkylation of α-aryl 
indanone 4 (Scheme 2).20 By using a cinchonine-derived quaternary ammonium salt 5 as the 
catalyst to promote phase transfer, the intermediate chiral ion pair underwent methylation with 
very high levels of enantioselectivity to yield alkylated indanone 6. 
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Scheme 1 
 
Scheme 2 
 
 Since these discoveries, a great deal of work has been devoted to the design of new organic 
reactions mediated by the participation of an organocatalyst. These explorations have opened the 
door to novel areas of methodological research, including but not limited to enamine catalysis,21 
iminium ion catalysis,22 SOMO catalysis,23 Brønsted acid catalysis,24 hydrogen bonding 
catalysis,25 Brønsted base catalysis,26 Lewis base catalysis,27 and ion pair catalysis (including 
phase transfer catalysis).28 Of particular importance to the research discussed in this dissertation is 
the area of ion pair catalysis, where an asymmetric reaction is promoted through an intermediate 
chiral ion pair. For the sake of clarity, ion pair catalysis in the context of this dissertation will refer 
to any chemical transformation that is catalyzed by a cationic quaternary ammonium or 
phosphonium salt (termed “onium salts”).29 This definition specifically excludes “asymmetric 
counterion-directed catalysis” and other organocatalytic processes which also proceed through 
chiral ion pair intermediates by a proton transfer between the organocatalyst and a substrate.30 
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 Ion pair catalysis, including phase transfer catalysis, offers many advantages.28,29,31,32 
Phase transfer catalyzed reactions are typically performed under mild conditions, amenable to 
large scale production, and represent an operationally simple alternative to traditional strong base 
chemistry. The ability to use aqueous soluble inorganic bases can lower the cost of a chemical 
process and facilitate purification of the desired organic entity. Additionally, organocatalysts are 
usually inexpensive and can easily be separated from the reaction mixture by a variety of means. 
Despite the fact that the first report of an enantioselective phase transfer catalyzed reaction 
appeared more than 30 years ago, a fundamental understanding of the factors that affect catalyst 
activity and stereoselectivity is still obscure.34 The complexities of PTC mechanisms coupled with 
the non-dative interactions within the ion pair make predicting stereoselective catalysts difficult. 
As a result the development of new stereoselective PTC processes is generally done through 
empirical screening. Stereoselectivity is often rationalized after the identification of the optimal 
catalyst either by rationalization using empirical observation35 or by the application of 
computational methods.36 The application of these models to new PTC processes can be difficult. 
Our interest in ion pair catalysis is twofold: (1) in the use of computational statistical analysis 
(QSAR modeling) to better understand the structure-activity relationships with regard to phase 
transfer catalysts34,37 and (2) in the exploration of new reactivity modes for ion pair catalysis. This 
thesis is focused on the later aspect in which ion pair catalysis has been used as a basis for the 
development of new synthetic methods. Before the discussion of specific research goals, a brief 
overview of ion pair catalysis will be presented to provide a context for the goals and challenges 
of the presented research. 
 
1.2 Mechanistic Principles of Ion Pair Catalysis 
 Ion pair catalysis can operate under both heterogeneous and homogeneous reaction 
conditions. Both modalities rely on the catalytic generation of an intermediary ion pair, and in 
principle ion pair catalysis could be applied to any reaction that proceeds through a discrete 
charged intermediate. Typically, ion pair catalysis takes place between an anionic reactant paired 
with a positively charged (“onium”) organocatalyst, typically a quaternary ammonium or 
phosphonium salt. Negatively charged organocatalysts have also been reported to mediate the 
reaction of insoluble positively charged reactants.38 The role that a quaternary ammonium or 
phosphonium salt plays in promoting a reaction is summarized in Figure 1, and can differ 
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depending on whether the reaction is performed in a heterogeneous or homogeneous manner. The 
major differences are that under heterogeneous reaction conditions, the ionic catalyst must serve 
to transfer the reactive anion between two immiscible phases, and hence its solubility in organic 
and aqueous media (or its absorption onto a solid surface) is of upmost importance. Obviously 
under homogeneous reaction conditions, the ion pair exists in a single phase. In the case of 
homogeneous ion pair catalysis, the counterion often plays a crucial role in substrate anion 
generation; typically the substrate anion is generated by the counterion acting as a Lewis or 
Brønsted base. Unlike in the case of many heterogeneous reactions, the counterion introduced in 
homogeneous reactions is often irreversibly lost in the initial anion generation and substrate-driven 
catalytic cycles are more likely.29 
 
 
Figure 1. Comparison of the role played by ion pair catalyst under heterogeneous and 
homogeneous reaction conditions. 
 
1.2.1 Phase Transfer Catalysis 
Reactions performed under heterogeneous reaction conditions using ion pair catalysis are 
termed phase transfer catalyzed (PTC) reactions. These reactions are facilitated by a quaternary 
ammonium or phosphonium salt which mediates the reaction between two chemical entities 
located in separate phases. Phase transfer catalyzed reactions have been performed in both liquid-
liquid systems (generally a mixture of immiscible organic and aqueous layers) and solid-liquid 
systems (in which one reactant is insoluble, typically in an organic solvent).  The overwhelming 
number of asymmetric phase transfer catalyzed reactions focus on the deprotonation of activated 
carbon acids using inorganic bases (typically alkali metal hydroxides or carbonates). Carbon acids 
with a pKa of up to approximately 23 can be successfully deprotonated under PTC conditions and 
substrates generally must contain at least one electron-withdrawing substituent next to the C-H 
bond to be deprotonated (typically carbonyl, nitrile, imine, or sulfone functional group).39 Two 
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mechanisms for phase transfer catalysis have been proposed: (1) the Starks extraction mechanism40 
and (2) the Makosza interfacial mechanism.41 Depending on the type of anion undergoing transfer 
one or both mechanisms may be operative.39 The proposed mechanisms different in the role of the 
catalyst and where certain steps take place. The main disagreement is in the importance of the 
phase boundary between the immiscible organic and aqueous layer, a water-rich organic phase 
termed the “interfacial region.” 
The Starks extraction mechanism is depicted in Figure 2 for the phase-transfer catalyzed 
alkylation of cyanide anion.40 In this mechanism, the phase transfer agent (Q+) extracts cyanide 
ion through the interfacial region into the organic layer where it is available to reaction with an 
alkylating agent. Fundamental to the extraction mechanism is the ability of Q+ to extract the anion 
fully into the organic layer. The extraction mechanism is likely operating in the case of PTC 
reactions using aqueous soluble nucleophiles (NaCN, NaOCl), in which full extraction into the 
organic layer would be necessary for subsequent reactions with a neutral organic-soluble 
electrophile. This extraction mechanism is disfavored for PTC reactions using hydroxide base due 
to the difficulty of full extraction of hydroxide into the organic layer. 
 
 
Figure 2. Depiction of the Stark extraction mechanism for the PTC alkylation of cyanide. 
 
Mᶏkosza proposed an alternative mechanism to explain PTC reactions that use hydroxide 
base, termed the “interfacial mechanism.”41 This mechanism is depicted in Figure 3 for the 
hydroxide base-mediated PTC reaction of a carbon acid. The interfacial mechanism is favored for 
PTC reactions using hydroxide base due to the large free energy cost associated with full transfer 
for hydroxide ion into the organic phase. Deprotonation is proposed to occur in the interfacial 
region between the organic and aqueous layers by reaction with the metal hydroxide directly 
(Figure 2A). In this case, deprotonation is not assisted by phase transfer agent (Q+). The role of 
7 
 
the phase transfer catalyst is to form an ion pair with the preformed carbanion and carry it into the 
organic phase for subsequent reaction with an organic-soluble electrophile. The observation that 
hydroxide-PTC reactions are stir rate dependent, show zeroth order kinetic behavior in 
electrophile, and the observation of deuterium incorporation in the absence of quaternary salt 
appear to support this mechanism.39 A modification of the interfacial mechanism has been 
proposed which does invoke involvement of the phase transfer agent (Q+) in the deprotonation step 
(Figure 2B). In this case an ion exchange occurs between the metal hydroxide and the phase 
transfer catalyst to form a quaternary ammonium hydroxide salt (Q+OH–) prior to deprotonation. 
The lack of deuterium incorporation in the absence of quaternary salt for certain substrates seems 
to support the modified interfacial mechanism.42 In either case, the intervention of quaternary salt 
can explain the increased reaction rates observed under phase transfer catalysis. 
 
 
Figure 3. Depiction of the Mᶏkosza interfacial mechanism for hydroxide-mediated PTC reactions 
of carbon acids (R-H) (left) and Liotta’s modification of the interfacial mechanism invoking the 
involvement of Q+OH- (right). 
 
1.2.2 Homogeneous Ion Pair Catalysis 
 Ion pair catalysis can also be implemented under homogeneous conditions. In these cases, 
typically the quaternary ammonium cation is complexed to a counterion that serves a specific 
function with respect to anion formation (Figure 5). In reactions catalyzed by quaternary 
ammonium fluorides43 and phenoxides44 the counterion is necessary for the nucleophilic activation 
of an organosilicon compound (Figure 4A). Upon nucleophilic addition at the silicon center a 
quaternary ammonium substrate ion pair can be formed. This type of ion pair catalysis is generally 
coupled to nucleophilic addition reactions (Mukaiyama aldol, conjugate additions, ect.) because 
these types of reaction provide an intermediate anion for the next round of organosilicon activation. 
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Intermediate quaternary ammonium alkoxide formation allows for a substrate-driven catalytic 
cycle in cases where regeneration of the original counterion is disfavored. This is of particular 
importance in the use of quaternary ammonium fluoride salts because high bond strength of the 
silicon-fluoride bond disfavors the regeneration of fluoride anion. In contrast to heterogeneous 
phase transfer catalyzed reactions, simple alkylation reactions that generate halide anion cannot be 
performed in a catalytic fashion using this strategy because the generated counterion after 
alkylation (Br– or Cl–) is unable to generate an anion from the organosilicon starting material. The 
activation of silyl nucleophiles is an active area of study where quaternary ammonium salts are 
just one type of catalyst.45 Classes of silyl nucleophiles that have been activated using quarternary 
ammonium salts include a wide range of carbon nucleophiles, including (but not limited to) 
TMSCN, TMSCF3, silyl enol ethers and ketene acetals, silyl nitronates, silyl hydride reagents, silyl 
alkynes, allyl silanes, and silyl dithianes.29,45 
 
 
Figure 4. Ion pair generation in homogeneous reaction conditions using nucleophilic activation 
(A, left) and Brønsted basicity (B, right). 
 
A second type of homogeneous ion pair catalysis exists where the counterion functions as 
a catalytic Brønsted base (Figure 4B). Catalysts paired with a Brønsted base coutnerion include 
tetraaminophosphonium phenoxides46 and carboxylates47 and chiral ammonium betaine 
catalysts.48 Again, nucleophilic addition reactions are necessary to provide an adduct that can be 
protonated, allowing for the catalytic cycle to continue without the addition of an external base.  
 
1.3 Enantioselective Ion Pair Catalysis 
Enantioselective ion pair catalyzed reactions are possible using chiral, non-racemic 
quaternary ammonium or phosphonium salts as catalysts.  The ion pair interactions between a 
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prochiral anionic intermediate with a chiral cationic catalyst are diastereomeric, and during the 
course of reaction the activation energies leading to the two enantiomeric products will be 
different, thus leading to enantiomeric enrichment. Although many racemic ion pair catalyzed 
processes are known, the discovery of highly enantioselective variants can be challenging. The 
successes and limitations of enantioselective ion pair catalysis will be presented in the context of 
mechanism, first in the discussion of phase transfer (heterogeneous) catalysis, followed by 
homogeneous ion pair catalysis. 
 
1.3.1 Enantioselective Phase Transfer Catalysis 
By far the most successful reaction platform in which PTC has been applied is in the 
stereoselective alkylation of carbon nucleophiles. The earliest examples of enantioselective phase 
transfer catalysis focused on the alkylation of rigid enolate anions. Following the pioneering work 
by the Merck process group (Scheme 3),20 O’Donnell recognized the potential utility of 
asymmetric phase transfer catalysis in the synthesis of enantioenriched amino acid derivatives. 
The protection of amino acid substrates as the benzophenone imine and the use tert-butyl esters 
were key to obtaining high enantioselectivity. In his initial report, O’Donnell reported the use of 
N-benzyl cinchonidium chloride as the phase transfer catalyst, and obtained up to 83:17 e.r. in the 
asymmetric alkylation of protected glycine derivatives.49 Through a careful mechanistic study, 
O’Donnell identified that the hydroxyl group of the catalyst was undergoing alkylation under the 
reaction conditions,36a and the O-allyl cinchonidium catalyst 9 resulted in better enantioselectivity 
for the benzylation of glycine imine 7 (Scheme 3).50  
Scheme 3 
 
 
After the initial report by O’Donnell, the alkylation reaction shown in Scheme 3 has 
become a benchmark PTC reaction for the testing of new chiral catalysts and appears to be a 
privileged substrate in obtaining high enantioselectivities.33 The types of chiral phase transfer 
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catalysts that have been reported and subsequently tested in the O’Donnell alkylation are 
summarized in Figure 5. 
 
Figure 5. Chiral phase transfer catalysts that have been tested in the O’Donnell alkylation. 
 
 Cinchona alkaloid-derived catalysts bearing a bulky N-anthracenylmethyl gproup (Figure 
5, 10) have showed improved enantioselectivity and were independently reported by Lygo51 and 
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Corey.35a  Jew and Park noted the impact on enantioselectivity relative to electronic factors in on 
N-benzyl group, as in perflorinated catalyst 11a,52 and potential hydrogen-bonding functionality, 
as in catalyst 11b and 11c.53 Jew and Park also reported that catalyst loadings could be lowered 
substantially by using a dimeric Cinchona analog 12.54 Maruoka has introduced the use of 
quaternary ammonium salts based on a chiral binaphthyl backbone of type 13 and 14.55,56 These 
catalysts have shown excellent enantioselectivity and very high catalytic activity with catalyst 
loadings as low as 1 mol % possible without loss in selectivity. Maruoka has designed a wide range 
of similar PTC catalysts for applications other than alkylation, a summary of which can be found 
in the review literature.28,33 Other chiral phase transfer catalysts include: binaphthylamine catalyst 
15 developed by Lygo,57 tartaric-acid derived quaternary ammonium salts developed by Shibasaki 
(16)58 and Arai (17),59 chiral guanidinium salts by Nagasawa (18),60 and cyclopentapyrrolizidine 
salts (19) by Denmark.34  
High enantioselectivity has been obtained using Schiff-base protected glycine derivatives 
for phase transfer catalyzed asymmetric alkylations (mono- and di-alkylation), conjugate additions 
to acrylate-type acceptors, and aldol and Mannich type reactions (Figure 6). Asymmetric 
alkylations generally give the highest enantioselectivity, while nucleophilic addition type reactions 
are less reported. This may be due to the complexities in mechanism when moving away from 
simple alkylation; the immediate ion pair generated after nucleophilic addition does not immediate 
regenerate the quaternary ammonium halide salt. The need for an additional ion exchange to 
release the catalyst, as well as the potential for reversibility, makes the extension of phase transfer 
catalysis to nucleophilic addition reactions more difficult than it would initially appear. Detailed 
accounts of the development of these reactions can be found in the review literature.28,29,31–33 
 
Figure 6. Asymmetric PTC reactions using Schiff-base protected glycine substrates. 
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 The reactions shown in Figure 6, that have been successful using asymmetric phase transfer 
catalysis, are based upon differentiating the enantiotopic faces of an enolate nucleophile. The 
enolate is paired with a chiral counterion, extracted into the organic phase, and then undergoes 
reaction generally with a prochiral alkylating agent. A fundamentally different approach is in the 
extraction of a prochiral anion, and use of the counterion to distinguish the enantiotopic faces of a 
neutral electrophile. Although this approach is more challenging, it has been successful in limited 
cases. These reactions generally proceed through the Starks extraction mechanism and include 
asymmetric oxidations of electron deficient olefins (OCl–),61 conjugate addition of achiral 
nucleophiles,46 Mannich reactions,47 and Strecker reactions (CN–).62 The substrates that show high 
enantioselectivity in these cases are often limited and the levels of enantioselectivity observed are 
impressive considering the mechanism. 
 
1.3.2 Enantioselective Homogeneous Ion Pair Catalysis 
 Homogeneous ion pair catalysis has been most successful in enantioselective reactions of 
silyl enol ethers, silyl nitronates, and trimethylsilyltrifluoromethane (Me3CSiMe3). Maruoka has 
utilized chiral fluoride and bifluoride salts of scaffold 13 in the enantioselective reaction of silyl 
nitronates to a variety of electrophilic acceptors. High enantioselectivity was observed in both 
nitroaldol63 and Michael addition reactions.
64 Enantioselective Mukaiyama aldol reaction of silyl 
enol ethers have also been reported using homogeneous ion pair catalysts. Mukaiyama has reported 
the use of quaternary ammonium phenoxides in this context.44b Maruoka has also reported an in 
situ method for the preparation of fluoride salts and applied this approach the an enantioselective 
aldol addition of silyl enol ethers.65 Enantioselective trifluoromethylation of aldehydes and ketones 
is another reaction type that is been reported with high enantioselectivity using homogeneous 
fluoride catalysts.66 Reviews highlighting the addition of trimethylsilyl nucleophiles under 
homogeneous catalysis can be found in the literature.43a, 45 
 
1.4 Current Challenges in Ion Pair Catalysis 
 Despite significant advances in asymmetric ion pair catalysis the methods exhibiting high 
selectivity are still quite limited. In the case of phase transfer catalysis, most asymmetric PTC 
reactions that show high selectivity generally focus on the intermolecular reactions of a few 
privileged substrates classes: glycine-imine type enolate anions, rigid cyclic enolate or 
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heterocyclic anions, and the addition of small achiral anions to chalcone electrophiles. Beyond the 
limited substrate scope, more intriguing is the lack of intramolecular phase-transfer catalyzed 
processes reported in the literature. At the outset of this research only two reports of intramolecular 
phase transfer processes had been reported, with varying levels of enantioselectivity.49,50 
Application of phase transfer catalysis to intramolecular reactions raises interesting questions with 
regards to mechanism and origin of enantioselectivity since desolvation from the interfacial region 
(and hence catalyst involvement) may not be necessary for reaction. This relatively unexplored 
area of research was targeted in the context of a new class of reactions which had not yet to be 
applied to phase transfer catalysis, that of unimolecular rearrangements. Our results in this area 
will be the focus of Chapter 3 of this dissertation. 
 Homogeneous ion pair catalysis has been relatively less explored in comparison to phase 
transfer catalysis. Most studies have focused on the activation of silyl-protected carbonyl 
derivatives (silyl enol ethers, silyl ketene acetals) or the addition of silyl nitronates, both sets of 
nucleophiles which are well within the pKa range for deprotonation using phase transfer catalysis. 
We felt that the true advantage of using desilylation would be in the generation of anions that could 
not be formed under PTC conditions. Soluble quaternary ammonium salts had been shown to 
generate a variety of very reactive anions due to the high enthalpy of the fluoride-silicon bond 
being formed.51 We envisioned the application of homogeneous ion pair catalysis as an alternative 
to reactions of lithiated carbanion nucleophiles. Unlike reactions based upon lithiation, anion 
generation using ion pair catalysis could be done catalytically, and perhaps with the proper chiral 
counterion enantioselectivity could be controlled. Our initial explorations into this area will be the 
focus of Chapter 2 of this dissertation. 
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Chapter 2: Application of Quaternary Ammonium Fluoride Salts in the Reaction of Weakly 
Acidic Carbon Nucleophiles 
 
2.1 Introduction 
 The catalytic asymmetric conjugate addition of carbon nucleophiles to α,β-unsaturated 
systems represents one of the most powerful methods available in organic synthesis to create 
carbon-carbon bonds.9 This reaction can build highly functionalized carbon skeletons, generate up 
to two stereocenters in a single step, and tolerate a broad scope in both the donor and acceptor. A 
large variety of research programs have focused on the ability to perform asymmetric conjugate 
additions with high catalytic efficiency for uses in both total synthesis as well as pharmaceutical 
applications. 
 In particular a variety of catalytic asymmetric methods exist for the conjugate addition of 
enolate anions to α,β-unsaturated systems to generate 1,5-dicarbonyl products,69 however less 
methods exist for the enantioselective addition of acyl anion equivalents to generate 1,4-dicarbonyl 
products (Scheme 4). While the former case relies on the well understood acid-base reactivity of 
an enolate anion, inversion of the polarity (umpolung) in the latter case is less apparent.70 Despite 
significant advances in the development of formyl or acyl anion equivalents, the enantioselective 
addition of these compounds is still in its infancy.  
Scheme 4 
 
 
 The topic of this chapter is a novel approach to the enantioselective addition of acyl anion 
equivalents. It is proposed that a chiral quaternary ammonium fluoride salt catalyst can be used to 
generate α-sulfur carbanions by desilylation (Scheme 5). These carbanions can serve as acyl anion 
equivalents in a conjugate addition reaction, and it was hypothesized that the chiral counterion 
could impact the enantioselectivity of the addition. Trimethylsilyl nucleophiles (Me3SiNu) provide 
an alternative to protonated nucleophiles (HNu).45,71 In the case of weakly acidic nucleophiles, 
such as the anion of 2-phenyl-1,3-dithiane, desilylation in the presence of a Lewis base can provide 
an alternative to the use of stoichiometric lithium bases. Indeed, the racemic addition of silyl 
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dithiane nucleophiles to aldehydes and imine electrophiles utilizing phenoxide72 and fluoride73 
promoted desilylation has been reported. By utilizing a chiral quaternary ammonium fluoride salt, 
the generated reactive anion should exist as a contact ion pair with a chiral cation. Proper design 
of the chiral cation could allow for the enantioselective addition of acyl anion equivalents to a 
wide variety of Michael acceptors producing differentially protected enantioenriched 1,4-
dicarbonyl compounds. 
Scheme 5 
 
 
2.2 Background 
2.2.1 Acyl Anion Equivalents 
 Since the pioneering work of Corey and Seebach in umpolung reactivity,74 a wide variety 
of reagents have been developed to serve as acyl anion equivalents (Figure 7). In general these 
reagents incorporate an anion-stabilizing group that allows for deprotonation or lithiation at the 
adjacent carbon atom. One of the most common acyl anion precursors is 1,3-dithiane (20)75 
although other thioacetals have also been reported (21-23),76–79 as well as thioester 24.80 All of 
these surrogates take advantage of the ability of a sulfur atom to stabilize an adjacent negative 
charge. Other non-sulfur based acyl anion equivalents have been reported as well, including vinyl 
lithium species 25,81 protected cyanohydrins (26),82 protected thiazolium carbinols (27),83 
phosphites (28),84 and hydrazones (29).85 The reaction is generally initiated by deprotonation with 
a stoichiometric amount of strong lithium base followed by addition to an electrophile. Subsequent 
removal of the stabilizing group generally requires an additional step. These methods have been 
quite effective in racemic additions to alkyl halides and to simple aldehydes. Reactions with α,β-
unsaturated systems are complicated by concerns over site selectivity (1,2- versus 1,4-addition). 
The requirement of stoichiometric lithiation has significantly hindered the application of many of 
these acyl anion equivalents in catalytic asymmetric addition reactions. 
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Figure 7. Acyl Anion Equivalents. 
 
 Asymmetric additions of acyl anion equivalents have mainly focused on designing chiral 
reagents that would add to aldehydes or α,β-unsaturated receptors in high diastereoselectivity 
(Figure 8). Subsequent removal of the chiral auxillary then yields 1,2- or 1,4-diketones in high 
enantiomeric excesses. Chiral trans-1,3-dithiane-1,3-dioxane (30) has been used as an effective 
chiral formyl anion equivalent in the addition to aldehydes, however it has not been applied to 
conjugate addition reactions.86 Lassaletta has utilized formaldehyde (S)-N-amino-2-
(methoxymethyl)pyrrolidine (SAMP) hydrazone (31) as a neutral chiral formyl anion equivalent 
for the addition to α,β-unsaturated ketones promoted by dimethylthexylsilyl triflate.87 Treatment 
of the resulting product with ozone yielded the -keto-aldehydes with high levels of 
Enantioenrichment. Examples of substituted SAMP hydrazones have not been demonstrated for 
use as acyl anion equivalents. Enders and coworkers reported the use of metalated amino-cyanide 
32 as an acyl anion equivalent derived from aliphatic and aromatic aldehydes.88 Lithiated 32 
undergoes conjugate addition with α,β-unsaturated esters, cyclic enones, and nitroalkenes in high 
d.r., and removal of the chiral amine by treatment with Lewis acids (CuSO4 or AgNO3) or 1.5 N 
HCl yields the corresponding 1,4-diketone in high enantioselectivity. 
 
 
Figure 8. Chiral Formyl and Acyl Anion Equivalents. 
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It would be optimal to access chiral 1,4-dicarbonyl products without the need to use a 
stoichiometric chiral directing group. The requirement for stoichiometric metalation of many of 
the acyl anion equivalents complicates their application in catalytic asymmetric processes. 
Homogeneous ion pair catalysis could be a viable strategy to avoid the use of stoichiometric strong 
bases while also providing an avenue to introduce asymmetry in the proper design of a chiral 
counterion. 
 
2.2.2 Enantioselective Methods for the Preparation of 1,4-Dicarbonyl Compounds 
Three catalytic strategies have emerged for the synthesis of chiral 1,4-diketones: (1) 
enantioselective conjugate addition to an unsaturated 1,4-dicarbonyl skeleton, (2) asymmetric 
conjugate cyanation (masked carbonyl functionality), and (3) the asymmetric Stetter reaction. Each 
of these topics will be briefly presented to provide a benchmark for success in the project under 
discussion. 
Non-umpolung based strategies to produce chiral 1,4-dicarbonyl compounds utilizing 
conjugate addition into an unsaturated 1,4-diketones have been limited due to the necessity to 
differentiate individual carbonyl groups, usually requiring ketone and ester functionalities in order 
to control the site-selectivity (Scheme 6). Enantioselective catalysts have been developed for the 
addition of a limited number of nucleophiles. Organocatalysts such as Cinchona-derived 
thioureas89a and chiral cyclic guanidines89b-c have been used for the enantioselective addition of 
stabilized carbon nucleophiles (i.e. malonates).89 Lewis acid catalysts such as Sc(OTf)3/chiral 
N,N’-dioxide complexes90a-b and Zr(t-BuO)4/chiral BINOL-complexes90c  have also been reported 
for the asymmetric conjugate addition of both malonates and nitrogen heterocycles. Hoveyda has 
reported a chiral Cu-NHC complex for the addition of dialkyl- or diphenylzinc reagents or silicon-
containing vinylaluminum reagents to cyclic unsaturated ketoesters.91 General methods to 
overcome the required electronic bias of the acceptor have not been reported. 
 
Scheme 6 
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 The asymmetric conjugate addition of cyanide has proved to be a more general method for 
the addition of a masked formyl or carboxylic anion equivalents to α,β-unsaturated acceptors 
(Scheme 7). The early reports of asymmetric conjugate cyanation were reported by Jacobsen using 
chiral aluminum or lanthanide complexes, however they were limited to only very active Michael 
acceptors (imides) in order to avoid 1,2-addition products.92 A more general scope of Michael 
acceptors, including simple enones, was demonstrated by Shibasaki, however the conditions 
required a tedious in situ preparation of a chiral gadolinium (Gd) catalyst.93 Hydrolysis of the 
cyanide with hydrochloric acid to the corresponding carboxylic acid has been demonstrated 
without racemization, however reduction to the aldehyde is difficult to accomplish directly and 
has not been demonstrated. Due to limited methods available for the transformation of the nitrile 
group to a ketone functional group, asymmetric conjugate cyanation does not provide easy access 
to chiral 1,4-diketone products. 
 
Scheme 7 
 
 
The most successful catalytic approach for the asymmetric 1,4-addition of acyl anion 
equivalents has been the asymmetric Stetter reaction.94 The Stetter reaction (Scheme 8) involves a 
N-heterocyclic carbene (NHC) catalyst 34 (generated by deprotonation of 33 by a weak base, such 
as Cs2CO3 or i-Pr2NEt) which upon addition to an aldehyde forms Breslow intermediate 35. 
Intermediate 35 serves as an in situ generated acyl anion equivalent. Addition of 35 to an α,β-
unsaturated compound and subsequent expulsion of the nucleophilic catalyst yields 1,4-dicarbonyl 
product 36. 
 
Scheme 8 
 
19 
 
The catalytic asymmetric Stetter reaction has had wide success when applied to 
intramolecular reactions, however the intermolecular Stetter reaction is significantly more limited 
due to competitive benzoin condensation. The examples to date of asymmetric intermolecular 
Stetter reactions only utilize very active Michael acceptors that preferentially react through 1,4-
addition (Scheme 6). The first report of an asymmetric Stetter reaction was by Enders reporting 
the addition of aryl aldehydes to simple chalcone substrates to give 1,4-diketone product 37 in 
moderate enantioselectivity using NHC catalyst A.95 The same catalyst was applied to the addition 
of heterocyclic aldehydes to arylalkylidenemalonates to give product 38 with similar 
enantioselectivity.96 Catalysts B1 and B2 pioneered by Rovis have shown higher enantioselectivity 
for the addition of nucleophiles derived from heteroaromatic aldehydes (39)97 and glyoxamides 
(40 and 41)98 to very active Michael acceptors, nitroalkenes and alkylidenemalonates respectively. 
Recently Glorius has also reported the use of NHC catalyst C for the synthesis of α-amino acid 
derivatives 42 in high yields and high enantioselectivity through a stereospecific protonation.99 
 
Scheme 9 
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The intermolecular Stetter reaction allows for the generation of acyl anion equivalents 
directly from aldehydes, however is limited to aryl or other stabilized aldehydes in order to form 
the reactive Breslow intermediate. Very few asymmetric examples of aliphatic aldehydes have 
been reported. In addition, the scope of Michael acceptor has been rather limited, and simple α,β-
unsaturated cyclic carbonyl compounds have not been reported. An alternative to the Stetter 
reaction has been reported by Johnson utilizing a catalytic chiral TADDOL-metallophosphites for 
the addition of silylketones to α,β-unsaturated amides. Unfortunately, the scope of silylketone was 
limited to a electronrich 4-methoxylphenyl derivative.100 The catalytic asymmetric methods to 
produce chiral 1,4-dicarbonyl compounds are quite limited and far from being used as a reliable 
synthetic disconnection. 
 
2.2.3 Conjugate Addition of Unstabilized Carbanions: Lithiane vs. Fluorodesilylation 
The conjugate addition of acyl anion equivalents based upon α-thio lithiated anions has 
been the subject of extensive research. In the original report describing the use of 1,3-dithiane 
(Figure 7, 20, R=H), Seebach and Corey report exclusive 1,2-addition upon reaction with 2-
cyclohexenone.74 Mukiayama and coworkers later reported that addition of CuI to the lithium 
anion of bis(phenylthio)methane (Figure 7, 21, R = H) yielded an organocuprate reagent that would 
undergo selective 1,4-addition to acyclic enone acceptors.101 It was observed that the use of 
organocuprates can be avoided by altering the anion stabilizing groups or the experimental 
conditions (solvent, temperature). In general, increased stability of the anion is accompanied by 
increased selectivity for 1,4-addition. For example, lithiated bis(thiomethyl)trimethylsilyl- and 
bis(thiomethyl)trimethylstannyl methanes undergo selective conjugate addition due to the 
stabilizing effect of the additional trimethylsilyl group.102 The use of 2-phenyl-1,3-dithiane (with 
an additional phenyl group for stabilization) exhibits a 35:65 ratio of 1,2- and 1,4-addition products 
with 2-cyclohexenone in THF at –78 °C.103 Under these reaction conditions the 1,4-addition 
product is isolated exclusively if after addition of the enone the reaction is allowed to warm to 
room temperature, suggesting that the reaction is under thermodynamic control. Other reactions 
proceed under kinetic control and produce the 1,4-addition product selectively by increasing the 
solvent polarity. This was observed by Ager for the significant improvement of 1,4-selecitivity for 
the reaction of lithiated (phenylthio)trimethylsilylmethane (Figure 7, 21, R = TMS) when changing 
the solvent from THF to DME.102 The most effective way to observe exclusive 1,4-addition is by 
21 
 
addition of HMPA or HMPT to the lithiated anion. This was first observed by Brown, who 
demonstrated that addition of 2 equivalents of HMPT could completely reverse the selectivity in 
the addition of lithiated 1,3-dithiane to 2-cyclohexenone.104 This has even been shown to give 
primarily 1,4-addition of 2-lithio-1,3-dithiane even in the case of addition to α,β-unsaturated 
aldehydes.105 
Mechanistic hypotheses for the change in site selectivity have been attributed to the 
structure of the reactive lithium anion, specifically if it exists as a contact ion pair (CIP) or a solvent 
separated ion pair (SSIP).106 Detailed studies by Reich and coworkers using multinuclear NMR 
demonstrated that SSIPs are required but not solely responsible for the 1,4-reactivity.107 The key 
to the change in selectivity is instead due to complexation of HPMA with the lithium cation. In the 
absence of HMPA the lithium cation can coordinate to the carbonyl carbon promoting 1,2-addition 
of a SSIP (termed “lithium catalysis”), but in an excess of HMPA (or other solvating agent such 
as DMPU or crypt [2.1.1]) this reaction pathway is prevented leading to exclusive 1,4-addition of 
the SSIP. 
Reactions of similar α-thiocarbanions generated by fluorodesilylation exhibit very high 
1,4-selectivity due to the absences of lithium complexation. A study comparing the reactivity of 
lithium anions to those generated by fluorodesilylation was reported by Reich.108 Activation of a 
trimethylsilyl pronucleophile such as 43 proceeds through association of a Lewis base (i.e. 
fluoride) to the silicon atom to form a hypervalent penta-coordinated silicon intermediate 44. 
Depending upon the nature of the silane and Lewis base, this intermediate can either react in its 
hypervalent state (44) or undergo ionization to form a reactive ion pair (45) (Scheme 10). 
 
Scheme 10 
 
 
Reich and coworkers have studied the addition of α-trimethylsilyl benzyl phenyl sulfide 43 
to 2-cyclohexenone in the presence of a substoichiometric amount of tetrabutylammonium fluoride 
(TBAF). By observing similar regio- and diastereoselectivity in the fluoride-catalyzed process to 
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that of a separated lithium ion pair, the authors concluded that the reaction proceeds through a free 
tetrabutylammonium carbanion intermediate rather than the hypervalent silicon species.108 
Changing the groups on the silcon atom (trimethylsilyl, isopropyldimethylsilyl, and 
phenyldimethylsilyl) had no effect on the observed selectivities, lending further support that 44 is 
not the reactive species. Spectroscopic observation of 43 upon treatment with a full equivalent of 
TASF (tris(dimethylamino)sulfonium difluorotrimethylsilicate) using 13C NMR showed formation 
of a new species which closely matched the crypt-separated lithium anion. If an ion pair is the true 
reactive species in the reaction of weakly acidic sulfur-stabilized carbanions such as 45, then using 
a chiral quaternary ammonium fluoride salt could provide asymmetric induction in the addition to 
Michael acceptors. 
 
2.3 Research Objectives 
 The main objective at the outset of this research project was to demonstrate homogeneous 
ion pair catalysis for the conjugate addition of a weakly acidic carbon nucleophile (pKa ~ 30). 
Once proof of principle was obtained, the substrate scope was explored further to determine the 
advantages and limitations in comparison to alternative methods for the preparation of chiral 1,4-
dicarbonyl compounds. Cyclic conjugate acceptors were chosen as a focus due to the lack of 
asymmetric Stetter reactions using this substrate class. Ultimately, the aim was to develop an 
asymmetric method by using chiral non-racemic quaternary ammonium fluoride salts as catalysts. 
In order to apply chiral fluoride salts to very basic nucleophile generation, the preparation of the 
fluoride salts had to be conducted with determination of the level of solvation of the fluoride ion 
 
2.4 Results 
2.4.1 Racemic Reaction Optimization 
2.4.1.1 Orienting Experiments Using Benzyl Phenyl Sulfide Nucleophile 
 The conjugate addition of 2-trimethylsilylbenzyl phenyl sulfide (42) to cyclohexen-2-one 
(46) was chosen for initial study (Table 1). This reaction was chosen based on a previous 
mechanistic study by Biddle and Reich which indicated that the reaction proceeds through a 
discrete ion pair rather than a hypervalent silicon species.108 The authors reported that the fluoride-
catalyzed addition using 10 mol % of tetrabutylammonium fluoride (TBAF) proceeded with 
exclusive 1,4-selectivity and moderate yield (61% relative to an internal 1H NMR standard). This 
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result was first confirmed in our laboratories on a preparative scale with slight modification. 
Similar to the previous report, protodesilylation was a competing process and was highly 
dependent on the condition of the fluoride source. Sources of TBAF left open to the air resulted in 
high levels of protodesilylation (48) with minimal conjugate addition product (47) (entry 1). 
Tetrabutylammonium fluoride solution (1 M in THF) prepared within a dry box using n-
Bu4NF·3H2O and stored under Ar increased the yield slightly (entry 2). The cause for the poor 
yield was identified as insufficient cleavage of the resultant silyl enol ether using the reported 
quench (3 M propionic acid in ether). Changing the quench to 3 M aqueous HCl avoided this issue 
and allowed for an isolated yield of 64% nicely matching the previous report (entry 3). Extended 
reaction time (entry 4) and addition of molecular sieves (entry 5) did not significantly increase the 
yield relative to desilylation. 
 
Table 1. Orienting Experiments 
 
Entry TBAF Source 
Time 
(h) Quench 
Yield (%)a 
47 48 
1 in air, over 4 Å M.S. 0.5 3 M propionic acid in Et2O 17% 83% 
2 dry box 0.5 3 M propionic acid in Et2O 23% n.d.
b 
3 dry box 0.5 3 M HCl (aq.) 64% 31% 
4 dry box 2.5 3 M HCl (aq.) 55% 35% 
5c dry box 0.5 3 M HCl (aq.) 66% 31% 
a Yields of isolated material after column chromatography. b Isolated material contaminated with silyl enol ether. c 
Reaction performed with 4 Å molecular sieves. 
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2.4.1.2 Alternative Fluoride Sources 
 To address the issue of undesired protodesilylation, anhydrous sources of fluoride were 
briefly surveyed. Tetrabutylammonium fluoride (TBAF) typically exists as a trihydrate and 
rigorous drying results in decomposition through Hoffman elimination.109 Although anhydrous 
TBAF has been reported, its preparation is tedious.110 Tetramethylammonium fluoride (TMAF) 
represents a tetraalkylammonium fluoride salt that can be dried rigorously due to its lack of β-
hydrogens necessary for elimination. Unfortunately, when subjected to the conjugate addition 
reaction under standard conditions (10 mol % TMAF, THF, ‒78 ºC), TMAF was completely 
inactive as a catalyst. Even at extended reaction times (3 h) and warming to rt resulted in the 
recovery of unreacted silylated starting material. 
 Solid-liquid exchange of fluoride has been reported by Maruoka65 as way to generate 
tetrabutylammonium fluoride in situ by mixing an insoluble inorganic fluoride salt (KF) with 
tetrabutylammonium hydrogensulfate. This approach has been successful in fluoride-catalyzed 
aldol additions and is particularly advantageous when using chiral salts as it precludes the 
separation preparation of fluoride salts. When the conditions reported by Maruoka using KF·2H2O 
were applied to the conjugate addition of 2-trimethylsilyl benzyl phenyl sulfide (Scheme 11), 
desilylation was observed as the major product. Attempts to perform the same procedure using 
anhydrous KF were unsuccessful and resulted in no observable desilylation. The requirement for 
hydrated KF in this type of solid-liquid exchange has been noted in the literature.111 
 
Scheme 11 
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2.4.1.3 Optimization of Silyl Nucleophile Equivalents 
 The significant amount of desilylated thioether indicated that some of the generated anion 
was irreversible protonated, likely from the water introduced within the hydrated 
tetrabutylammonium fluoride salt. Since earlier attempts to limit this side reaction were 
unsuccessful, using an excess of silylated starting material was investigated (Table 2). An increase 
in equivalents of 2-trimethylsilylbenzyl phenyl sulfide corresponded to an increased yield of the 
desired 1,4-addition product, with an 87% yield being obtained using 2.0 equivalents (entry 5). 
 
Table 2. Optimization of Silyl Benzyl Phenyl Sulfide Equivalency.a 
 
Entry Equiv. of 42b Yield of 47 (%)c 
1 1.00 64 
2 1.25 54 
3 1.50 77 
4 1.75 78 
5 2.00 87 
a Reactions performed on a 0.25 mmol scale. b Equivalents based upon 
cyclohexen-2-one (46). c Yield of isolated 47 after column chromatography. 
 
 With optimized conditions identified, the next stage of the project necessitated testing 
chiral fluoride salts to generate enantioenriched 1,4-addition products. Unfortunately, this 
conjugate addition yields the product as a mixture of diastereomers with poor diastereoselectivity 
(d.r. 2:1) and all attempts to separate the four peaks using chiral stationary phase chromatography 
(HPLC, SFC) were unsuccessful. Separation was possible by oxidizing the pendant thioether to 
the corresponding sulfone.  
 
2.4.1.4 Conjugate Addition of 2-Trimethylsilyl Benzyl Phenyl Sulfone 
In order to avoid derivatization during the screening phase of this project, using 2-
trimethylsilyl benzyl phenyl sulfone (49) in the initial conjugate addition was also investigated. 
Due to the greater anion stabilizing effect of the sulfone group in comparison with the sulfide, the 
assumption was made that the conjugate addition would also proceed through a discrete ion pair. 
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The addition of α-trimethylsilyl benzyl phenyl sulfone to 2-cyclohexenone (46) gave exclusively 
the 1,4-addition product 50 under the optimized conditions identified above (Scheme 12). 
 
Scheme 12 
 
 
2.4.1.5 Conjugate Addition of 2-Trimethylsilyl 2-Phenyl-1,3-Dithiane 
With proof of principle that fluorodesilylation was a viable method for the conjugate 
addition of weakly acidic carbon nucleophiles, the addition of phenyl dithiane was explored. 
Preparation of 1,4-diketones in an asymmetric manner is still quite limited and fluorodesilylation 
represented an approach for the addition of acyl anion equivalents in a catalytic fashion. The results 
of this optimization are shown in Table 3. Again, an excess of silylated starting material 51a was 
necessary due to competitive protodesilylation. When only one equivalent of trimethylsilyl phenyl 
dithiane 51a was used a moderate yield of 52a (58%) was obtained (entry 1) despite full conversion 
of cyclohexen-2-one (46). The remaining mass balance was identified as a dimer of the 
intermediate enolate formed by initial 1,4-addition capturing another equivalent of cyclohexen-2-
one. Increasing the equivalence of trimethylsilyl phenyl dithiane prevented this side process and 
near a near quantitative yield was obtained (entry 2). Further increase of equivalents of silyl 
starting material was not necessary (entry 3). Interestingly, the loading of TBAF·3H2O could be 
lowered significantly without loss in yield, with a fluoride loading of just 0.5 mol % still resulting 
in a 96% yield (entries 4-7). 
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Table 3. Optimization of Conjugate Addition of Trimethylsilyl Phenyl Dithiane.a 
 
Entry Equiv. of xb Equiv. of TBAFb Yield (%)c 
1 1.0 0.10 58 
2 1.5 0.10 94 
3 2.0 0.10 91 
4 1.5 0.05 92 
5 1.5 0.025 96 
6 1.5 0.01 91 
7 1.5 0.005 96 
a Reactions performed on a 0.5 mmol scale. b Equivalents based upon cyclohexen-2-one. 
c Yield of isolated material after column chromatography. 
 
2.4.2 Preparation of Trimethylsilyl Nucleophilic Partners 
 With optimized conditions in hand, a number of trimethylsilyl starting materials were 
prepared in order to explore the substrate scope of the reaction. The trimethylsilyl starting materials 
were prepared using standard procedures from the literature by metalation with n-BuLi, followed 
by trapping with trimethylsilyl chloride. To expedite the time to results, the electrophilic partners 
to be explored were primarily commercially available Michael acceptors. 
 
2.4.2.1 Trimethylsilyl Benzyl Phenyl Sulfide and Sulfone 
 Trimethylsilyl benzyl phenyl sulfide (42) was prepared by the procedure reported by 
Biddle and Reich.108 Nucleophilic displacement of benzyl bromide (54) using thiophenol (53) 
yielded benzyl phenyl sulfide (48), which could then be metalated at the α-position relative to the 
sulfide and subsequently trapped with trimethylsilyl chloride to give 42 in an 87% yield over 2 
steps (Scheme 13). 
Scheme 13 
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 In order to prepare the analogous sulfone derivative 49, oxidation using MCPBA was 
performed prior to metalation (Scheme 14).  
 
Scheme 14 
 
 
2.4.2.2 Trimethylsilyl 2-Aryl-1,3-Dithianes 
 Aryl dithianes were prepared by thioketalization of the corresponding aldehyde, followed 
again by metalation and trapping with trimethylsilyl chloride. Thioketalization using 1,3-
propanedithiol (57) was promoted using a catalytic amount of iodine following the report by 
Firouzabadi and Iranpoor,112 which worked equally well for different aryl groups (Scheme 15). 
 
Scheme 15 
 
 
 Metalation conditions using n-BuLi were optimized for each substrate in order to maximize 
the yield of the trimethylsilyl dithiane. The optimized conditions are shown in Table 4. The initial 
literature procedure used for the metalation of phenyl dithiane reported warming the reaction to    
‒30 ºC prior to quench with TMSCl (entry 1). It was found that this warming step was incompatible 
with the o-tolyl and p-cyano derivatives and lead to variable results. Higher yields for these silyl 
dithianes were obtained by maintaining cryogenic temperatures (entries 2 and 3). The poor yield 
for the p-cyano derivative was due to competitive decomposition of the lithiated dithiane which 
was minimized by shortened reaction times.   
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Table 4. Conditions of Metalation and Trapping with TMSCl for Aryl Dithianes.a 
 
entry R =  
Metalation 
Conditionsb 
TMSCl Trapping  
Conditionsb Quench 
Yield 
(%)c 
1 C6H5 
(58a) 
n-BuLi (1.1 equiv.) 
THF, ‒60 ºC, 1 h 
warm to ‒30 ºC,  
add TMSCl (1.3 equiv.) 
 
distilled H2O 
 at rt 
84 
(51a) 
2 2-MeC6H4 
(58b) 
n-BuLi (1.1 equiv.) 
THF, ‒65 ºC, 5 h 
maintain at ‒65 ºC, 
TMSCl (2.0 equiv.), 1 h 
 
sat. NH4Cl 
(aq) at ‒65 ºC 
86 
(51b) 
3 4-CNC6H4 
(58c) 
n-BuLi (1.1 equiv.) 
THF, ‒78 ºC, 15 min 
maintain at ‒78 ºC, 
TMSCl (2.0 equiv.), 20 min 
sat. NH4Cl 
(aq) at ‒78 ºC 
58 
(51c) 
a Reactions performed on a minimum of a 2.0 mmol scale based upon 58a-c. b Temperature monitoring by internal probe. 
c Yield of isolated material (51a-c) after either recrystallization or column chromatography. 
 
2.4.2.3 Trimethylsilyl 2-Alkyl-1,3-Dithianes and Derivatives 
 During the investigation into different nucleophiles a number of alkyl-substituted silyl 
dithianes were prepared, in addition to their partially oxidized derivatives. The trimethylsilyl 2-
phenethyl-substituted dithiane was prepared in a similar manner to the route used aryl-substituted 
dithianes (Scheme 16). Thioketalization was performed using BF3·OEt2 as a catalyst to avoid 
oxidation of the dithiol to the cyclic disulfide, which was a competitive side reaction when I2 was 
used.113 
 
Scheme 16 
 
 
 Due to reactivity concerns that will be discussed later, alkyl-substituted dithianes in which 
one sulfur atom was oxidized to the sulfone oxidation state (1,3-dithiane-1,1-dioxides) were also 
30 
 
targeted. The reasoning was that when these species were subjected to fluorodesilylation the 
resultant anion would be more stabilized than the parent dithiane, and perhaps more likely to 
undergo conjugate addition rather than protodesilylation. Selective oxidation of one sulfur atom to 
the sulfone oxidation state in the presence of a sulfide is typically done in a stepwise manner, in 
which the intermediate sulfoxide is first formed and then subjected to a second oxidation. Initial 
oxidation of the trimethylsilyl phenethyl dithiane 61 to the corresponding sulfoxide 62 was 
successful using sodium periodate (Scheme 17).114 Unfortunately all attempts to further oxidize 
the sulfoxide to sulfone 63 were unsuccessful, typically resulting in the loss of the trimethylsilyl 
group. 
Scheme 17 
 
 
 In order to avoid the incompatibility of the trimethylsilyl group with the required oxidation 
conditions, oxidation needed to be performed prior to the metalation-silylation sequence as shown 
in Scheme 18. Preparation to the 2-phenethyl-1,3-dithiane-1,1-dioxide (65) proceeded in good 
yield by oxidation to sulfoxide 64,114 followed by aqueous permanganate oxidation.115 Due to the 
anion-stabilizing ability of the sulfone functionality, metalation of the mono-sulfone derivative 
was unselective, giving a mixture of 3 major silylated products (63, 67, and 68). 
 
Scheme 18 
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Considering that the dithiane moiety is serving as merely as a protecting group, the addition 
of alkyl groups at the 2-position of the dithiane ring could sterically block metalation at the 
undesired position, while still providing an acyl-anion equivalent nucleophile. 2,2-Diethyl-1,3-
dithiol was prepared in 3 steps116 and used in the thioketalization of hydrocinnamaldehyde 
(Scheme 19). Subsequent oxidation, metalation, and silylation proceeded uneventfully to give silyl 
derivative 72. The same synthetic sequence was used to prepare an α-branched alkyl-substituted 
dithiane derivative from isobutyraldehyde (not shown). 
 
Scheme 19 
 
 
2.4.3 Scope of Trimethylsilyl Nucleophile 
 After preparation, the different silylated dithianes were tested under the standard reaction 
conditions in the conjugate addition reaction with cyclohexen-2-one. Aryl dithianes were 
particularly good nucleophiles in this reaction. Sterically hindered ortho-substituted dithiane 51b 
underwent addition without modification of the reaction conditions to give a 93% yield of 1,4-
adduct 52b (Scheme 20). Additionally, the electron-poor aryl dithiane 51c also underwent clean 
1,4-addition, indicating that this reaction is not sensitive to substitution on the aromatic ring. 
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Scheme 20 
 
 Extension of the standard reaction conditions to alkyl-substituted dithianes was not as 
straight forward. When the phenethyl silyl dithiane 61 was submitted to reaction with cyclohexen-
2-one, no 1,4-addition product was isolated and a significant amount of desilylation to 60 was 
observed (Scheme 11). This result was indicative of generation of the desired nucleophile, however 
protonation, potentially through enolatization of cyclohexen-2-one (46), occurred preferentially to 
conjugate addition. It was hypothesized that this change in reactivity was due to the increased 
basicity of the alkyl-substituted anion, and by partially oxidizing one sulfur atom of the dithiane 
may attenuate that basicity and favor conjugate addition. Indeed, when the phenyl 1,3-dithiane-
1,1-dioxide substrate 72 was used under the reaction conditions, exclusive 1,4-addition was 
observed to yield near quantitative yield of 73 (Scheme 21). 
 
Scheme 21 
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 Although this partial oxidation approach was successful for linear-alkyl substituted 
nucleophiles, α-branched 1,3-dithiane-1,1-dioxide 74 failed to undergo conjugate addition. The 
only isolated product was desilylated starting material 75 in 75% yield, indicating that the desired 
anion was generated under the reaction conditions (Scheme 22). It appears there is a limit to how 
much steric bulk is tolerated at the reacting center and in the event of very bulky substrates 
protonation is favored. 
Scheme 22 
 
 
2.4.4 Scope of Electrophile 
 By applying the optimized conditions for the addition of trimethylsilyl phenyl dithiane, a 
variety of different Michael acceptors were investigated, including cyclic and acyclic α,β-
unsaturated ketones and esters. Other classes of conjugate acceptors were less successful in this 
reaction providing some insight to the mechanism. 
 
2.4.4.1 Cyclic and Acyclic α,β-Unsaturated Ketones 
 The standard reaction conditions were easily amenable to a variety of α,β-unsaturated 
ketone acceptors (Table 5). Primarily cyclic Michael acceptors were tested, as these acceptors 
represent a challenging substrate class for Stetter-type reactions. Excellent yields were obtained 
for additions to cyclic enones, including five- and seven-membered rings (77b and77c). The 
addition to (R)-Carvone also proceeded in excellent yield, although adduct 77d was obtained as a 
mixture of diastereomers. Benzo-fused (77e) and acyclic (77f) acceptors were also successful with 
high yields obtained in just 1 h. In view of the high reactivity of the intermediate anion, sterically 
encumbered enones were also viable substrates. Extended reaction times were needed for full 
conversion of the β-substituted acceptor (77g) and the best yields were obtained at a higher 
temperature (0 ºC) for disubstitution at the γ-position (77h). 
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Table 5. Reaction Scope of α,β-Unsaturated Ketones with Phenyl Silyl Dithianea,b 
 
 
 
a All reactions were performed on an 1.0 mmol scale of 76a-h with 1.5 equiv. of 51a in THF [0.08 M] at ‒78 ºC, 
followed by quenching with 2 M Cl3CCO2H in THF. b Yields refer to chromatographically homogeneous, isolated 
products. c Yield refers to a mixture of three diastereomers. d Reaction performed at 0 ºC. 
 
2.4.4.2 Cyclic and Acyclic α,β-Unsaturated Esters 
 Longer reactions times were needed for the reaction of α,β-unsaturated esters, however for 
certain substrates 1,4-addition was possible. The 1,4-adduct was the major product obtained for 
the reaction with coumarin (79a) and methyl cinnamate (79b) and gave yields of 78% and 88% 
respectively (Table 6). Other α,β-unsaturated esters were less successful. The low yield in the case 
of exocyclic methyl ester 79c appeared to be due to other competitive side reactions. Full 
conversion of the starting enoate and silyl dithiane was observed, however the remaining mass 
balance could be attributed to desilylation (69%). Cyclic 7-membered enoate (79d) only produced 
a trace of the desired product, and the major products appeared to derived from initial 1,2-addition, 
followed by ring opening, and subsequent silylation of the free alcohol. 
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Table 6. Reaction Scope of α,β-Unsaturated Esters with Phenyl Silyl Dithianea,b 
 
 
a All reactions were performed on an 1.0 mmol scale of x with 1.5 equiv. of x in THF [0.08 M] at ‒78 ºC, followed 
by quenching with 2 M Cl3CCO2H in THF. b Yields refer to chromatographically homogeneous, isolated products. 
c Yield refers to a mixture of three diastereomers. d Reaction performed at 0 ºC. 
 
2.4.4.3 Unsuccessful Substrate Classes 
 A variety of different Michael acceptors were found to be unsuccessful when used under 
the standard reaction conditions (Figure 9). Typically failed substrates fall into two different 
categories: (1) substrates that show full conversion of the silylated starting dithiane and enone by 
TLC prior to quench and (2) those which appear to not proceed as determined by TLC (silylated 
starting material and enone remain at extended reaction times). Substrates such as dihydrojasmone 
(80), 1-acetylcyclohexene (81), and (E)-4-phenylbut-3-en-2-one (82) fall into the first category. 
These substrates likely undergo enolization under the reaction conditions, catalyzing the 
desilylation of the dithiane, to produce the corresponding enol ether. In all cases, after acidic 
workup near quantitative recovery of starting enone was observed.  
 Substrates that lack α-hydrogens, such as citronic anhydride (83) cannot undergo 
enolization, but this substrate is likely not electrophilic to undergo Michael addition. Reaction with 
highly activated Michael acceptors such as α,β-unsaturated nitrile (84) and alkylidene malonate 
(85), which are ideal substrates for Stetter-type reactions, do not appear to proceed under the 
standard reaction conditions and silylated starting material is recovered indicated a lack of turnover 
within the catalytic cycle. Similarly, turnover of the catalytic cyclic also seems to be halted in the 
case of α,β-unsaturated aldehydes (86 and 87), where again silylated starting dithiane is recovered. 
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Figure 9. Unsuccessful Michael Acceptors. 
 
 To say there is no reaction in the case of α,β-unsaturated aldehydes may not entirely 
accurate as 1,2-addition does appear to occur. Under standard reaction conditions with a low 
fluoride loading (3 mol %) after 1 h, a small amount of 1,2-addition can be isolated (6%) with the 
majority of the remaining material being silylated starting material (Table 7, entry 1). If the 
reaction is allowed to run for an extended period of time, the isolated amount of 1,2-addition 
product does not increase (entry 2). However, if the fluoride loading is increased to 10 mol % 
(entry 3), full conversion of silyl phenyl dithiane is observed after 1 h. The major product is still 
1,2-addition, however a small amount of 1,4-addition product (approx. 12%) is also obtained. If a 
full equivalent of TBAF is used, full conversion of the of silylated dithiane is again observed and 
the 1,2- versus 1,4- addition ratio is not changed significantly (entry 4). 
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Table 7. Addition to trans-Cinnamadehyde with Variable Fluoride Loadinga, 
 
   yield (mg, %)c 
entry 
equiv. of 
n-Bu4NF·3H2O
b 
time 
(h) 
1,2-
addition 
(88) 
1,4-
addition 
(89) 
desilylation 
(58a) 
recovered 
silylated SM 
(51a) 
recovered 
aldehyde 
(87) 
1 0.03 1 11 mg, 
6% 
- - 187 mg, 
94% 
68 mg, 
quant. 
2 0.03 7 15 mg, 
9% 
- - 185 mg, 
93% 
56 mg, 
89% 
3 0.10 1 131 mg, 
80% 
12%d 39 mg, 
17% 
- 10%d 
4 1.0 1 125 mg, 
76% 
7%d 57 mg, 
38% 
- 5%d 
a All reactions were performed on a 0.5 mmol scale in THF [0.08 M] at ‒78 ºC with 1.5 equiv. of x, followed by 
quenching with 5 mL of 2 M Cl3CCO2H in THF. b Equivalents based upon 87. c Isolated yields of 
chromatographically homogeneous material. d Approximate yield by relative integration in the 1H NMR (CDCl3) 
in co-eluted fraction containing 89 and recovered 87 after chromatography. 
 
2.4.5 13C NMR Observations of Nucleophilic Species 
 The structure of the reactive nucleophilic species was probed using 13C NMR spectroscopy 
in attempts to distinguish a free anion from a hypervalent silicate species. Initial attempts to 
observe the ion pair with the standard fluoride catalyst (TBAF·3H2O) proved unsuccessful because 
of rapid protonation of the anion by the water associated with the fluoride source. The anhydrous 
fluoride source TAS-F (tris-(dimethylamino)sulfonium difluorotrimethylsilicate), previously used 
by Reich et. al. was more successful.41 Upon treatment of 2-phenyl-2-trimethylsilyl-1,3-dithiane 
with 1.0 equivalent of TAS-F, dramatic shifts in the chemical shifts were observed in the aryl 
region of the 13C NMR spectrum (Figure 10). Two species were evident upon immediate 
accumulation of the 13C NMR spectrum, neither of which matched that starting silyl dithiane. One 
species can be attributed to phenyl dithiane (58a), formed by protonation (labeled in red). The 
other species (90) showed significant upfield shifts for the ortho and para carbon signals (indicated 
in green), which is indicative of charge delocalization into the benzene ring. The chemical shifts 
of these signals match the carbon spectrum for the HMPA-solvent separated 2-lithio-2-
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phenyldithiane (117.5 ppm and 104.1 ppm, respectively)117 providing strong evidence that this 
reaction proceeds through an ion-pair intermediate. Full spectra are provided in Chapter 4. 
 
 
Figure 10. 13C NMR Spectroscopic Observation of Dithianyl Anion 
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2.4.6 Preparation of Chiral Quaternary Ammonium Fluoride Salts 
 For the next stage of the project, focus was given to the preparation of chiral quaternary 
ammonium fluoride salts. With the goal of utilizing these catalysts in the conjugate addition of 
weakly acidic carbon nucleophiles, it was of paramount importance that these chiral ammonium 
fluoride salts were prepared with minimal protic solvation. The preparation of chiral quaternary 
ammonium fluoride salts had been previously described in the literature, most notably by Shiori 
et. al.118 who described three methods: (1) salt metathesis using AgF, (2) ion exchange 
chromatography of the corresponding bromide salt to the ammonium hydroxide, followed by 
neutralization using aqueous HF, and (3) direct ion exchange chromatography using a pretreated 
fluoride ion exchange resin. Shiori reported the preparation of N-benzyl cinchonidium fluoride 
using the above three methods, and benchmarked their reactivity in a fluoride-promoted aldol 
addition of silyl enol ethers. In the case of the aldol test reaction, similar yield and 
enantioselectivity was observed for all three preparations of the quaternary ammonium fluoride 
salt. Since this initial report, others who have prepared chiral quaternary ammonium fluoride salts 
appear to preference ion exchange to the corresponding hydroxide salt, followed by neutralization 
with aqueous HF. 64,119,120 Typically, quaternary ammonium salts were isolated and used directly, 
with very little to no characterization data reported. Of particular importance to this project, no 
reports of chiral quaternary ammonium fluoride salts reported the level of hydration of the fluoride, 
likely because the reactions these catalysts were applied to (i.e. aldol additions) were much less 
sensitive to protonation.  The initial objective in this stage of the project was to test each of the 
preparation methods for chiral quaternary ammonium salts with a particular focus on minimizing 
protic solvation. To this end, a method of accessing solvation of the fluoride counterion also had 
to be developed. 
 
2.4.6.1 Optimization of Br/F Exchange 
2.4.6.1.1  Salt Metathesis from AgF 
 Salt metathesis using silver fluoride was an attractive method for the preparation of chiral 
quaternary ammonium salts due to the ease of execution (simple filtration of the precipitated AgBr) 
and the consideration that the metathesis could be performed in anhydrous methanol, allowing for 
easier removal of solvent than if water was used as reported by Shiori. N-Benzyl cinchonidium 
bromide 91 was prepared by N-alkylation of cinchonidine using benzyl bromide, then subjected to 
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exchange with AgF in anhydrous methanol (Scheme 20). After filtration, the quaternary 
ammonium fluoride salt 92 was isolated by concentration and dried at 40 ºC over P2O5 under high 
vacuum (0.1 mm Hg) as previously reported to yield a pale brown powder. This solid contained a 
single set of peaks by 1H NMR (d6-DMSO) but showed three peaks in the 
19F NMR (d6-DMSO), 
the major matching the reported chemical shift for fluoride anion (‒127 ppm), and two other peaks 
at ‒149 ppm (typical of bifluoride anion, HF2‒) and ‒68 ppm (typical of fluoroalkanes), which 
were not reported by Shiori. Unfortunately, when this compound was used as a catalyst (10 mol 
%) in the conjugate addition of trimethylsilyl benzyl phenyl sulfide to cyclohexen-2-one, no 
desilylation was observed. 
Scheme 23 
 
 
Further attempts to use AgF metathesis in the preparation of O-methyl-N-benzyl 
cinchonidium fluoride were also unsuccessful in producing a viable catalyst for the conjugate 
addition reaction. When the isolated salt was subjected to 19F NMR (d6-DMSO) relative to an 
internal standard (1-bromo-4-trifluoromethylbenzene) very poor conversion was indicated 
(approx. 20%). Further attempts to increase conversion with 2.0 equiv. of AgF and sonication 
appeared to promote the preferential formation of hydrogen bifluoride (19F NMR (d6-DMSO) = ‒
148 ppm). Following these observations, this method of preparation for quaternary ammonium 
fluoride salts was not pursued further. 
 
2.4.6.1.2 Br/OH Ion Exchange Chromatography 
 Next, ion exchange chromatography to the quaternary ammonium hydroxide salt was 
investigated using Amberlyst A26 OH‒ resin. This method was used most often in the literature, 
but characterization data of the resulting fluoride salt after neutralization with aqueous HF was 
sparse. When N-benzylcinchonidium bromide was subjected to ion exchange to the corresponding 
OH‒ salt, and then neutralized with exactly 1 equiv. of 1 M aqueous HF solution, 2 peaks were 
observed by 19F NMR (d6-DMSO) at ‒132 ppm (F‒) and ‒150 ppm (HF2‒) in a relative ratio of 
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1:2.6 favoring the hydrogen bifluoride anion (Scheme 24). This may have been due to incomplete 
Br‒/OH‒ exchange, however attempts to repeat the experiment with more equivalents of ion 
exchange resin still resulted in some level of bifluoride formation. To avoid this issue entirely, 
preparation of the F‒ ion exchange resin was investigated. 
 
Scheme 24 
 
 
2.4.6.1.3 Br/F Ion Exchange Chromatography 
 Direct ion exchange was the best method for reproducible preparation of chiral quaternary 
ammonium fluoride salts which were not contaminated with hydrogen biflouride ion. Fluoride ion 
exchange resins were prepared from Amberlyst A26 OH‒ resin by passage of aqueous 1 M 
hydrofluoric acid, followed by washing the resin with a large excess of distilled water to remove 
any residual acid on the resin which could result in hydrogen bifluoride contamination. When N-
benzyl-O-methylcinchonidium bromide (94) was submitted to ion exchange and drying under 
vacuum (0.1 mm Hg) at room temperature at two days, two species were visible in the 1H NMR 
(d6-DMSO) spectrum. The second species was considerably less polar than the ammonium salt (Rf 
= 0.71, 9:1 hexanes:EtOAc), and after isolation was identified as the Hoffman elimination product. 
Although disappointing, this result did indicate that fluoride exchange did occur. Diminished 
drying time to 15 h at rt allowed for the isolation of N-benzyl-O-methylcinchonidium fluoride 95 
without decomposition (Scheme 25). The fluoride salt was a single peak at ‒152 ppm in the 19F 
NMR spectrum (d4-MeOH), and presented as a sharp singlet lacking the typical coupling of 
bifluoride ion (J = 120 Hz). This method was used for the preparation of all future quaternary 
ammonium fluoride salts. 
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Scheme 25 
 
 
2.4.6.2  Analysis of Fluoride Salt Solvation 
 In order to avoid decomposition of the chiral fluoride salts by Hoffman elimination, the 
catalysts were isolated as a solvate in MeOH. In previous reports for the preparation of fluoride 
salts, the level of the solvate (MeOH or H2O) was not indicated. For accurate and reproducible 
catalyst loadings between different preparations of each catalyst, a quantitative assessment of the 
level of solvation was necessary. This was accomplished using a quantitative 1H and 19F NMR 
method (see chapter 4 for details). A known amount of fluoride catalyst was taken up in 0.7 mL 
of d4-MeOH, and its signals were integrated relative to both proton (hexamethyldisilane) and 
fluoride (hexafluorobenzene) internal standards contained within a capillary. This NMR method 
served two purposes: (1) quantification of the amount of fluoride anion present in the sample and 
(2) quantification of the extent of fluoride exchange from the bromide salt. The chemical shifts 
within the 1H NMR do not shift dramatically between the fluoride or bromide salt so by comparison 
of the measure using both the proton and fluorine standards, it can be determined if anion exchange 
was complete.  
 
2.4.6.3  Preparation of Fluoride Salt Library 
2.4.6.3.1  Cinchona Library 
 Using ion exchange chromatography with Amberlyst A26 F‒, a series of quaternary 
ammonium fluoride salts derived from cinchonidine (83) were synthesized (Scheme 16). The 
hydroxyl group was alkylated through a Williamson’s ether synthesis, followed by N-alkylation 
with benzyl groups varying in steric and electronic properties. All catalysts were prepared as 
described and analyzed by 1H and 19F NMR to determine the quantity of fluoride per mg of catalyst 
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(see chapter 4 for more detail). The catalysts prepared contained anywhere between 4 and 10 
MeOH molecules per fluoride.  
 
Table 8. Quaternary Ammonium Fluoride Salts Prepared from Cinchonidine. 
 
R1 =  R2 = 
 
 
 
 
2.4.6.3.2 Maruoka Catalyst Library 
 An additional scaffold for quaternary ammonium fluoride salts was briefly surveyed in 
addition in the Cinchona-derived salts. The catalyst scaffold is based upon a chiral 2,2’-substituted 
binaphthyl cyclic azepine structure (Figure 11) initially reported by Maruoka.55 Despite the length 
of the synthesis (up to 13 steps), a few catalysts of this class were targeted. We were encouraged 
by the success Maruoka had in differentiating the facial attack to cyclohexen-2-one in his work 
with silyl nitronates.64b  
 
Figure 11. Binaphthyl-based fluoride catalysts.  
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2.4.7 Test for Enantioselectivity  
2.4.7.1  Benzyl Phenyl Sulfone 
 The Cinchona-derived series of catalysts was first tested in the conjugate addition of 
trimethylsilylbenzyl phenyl sulfone to cyclohexen-2-one (Table 9). Encouragingly, all catalysts 
tested, regardless of solvation level, resulted in full conversion to the desired 1,4-addition product. 
Unfortunately, regardless of substitution at the R1 or R2 position, all of the catalysts resulted in 
very poor enantioselectivity. Since the enantioinduction observed is minimal, it is difficult to 
conclude what, if any, factors are important within this type of catalyst structure. The highest 
enantioselectivity observed was 64:36 e.r. (entries 6 and 11). The diastereoselectivity also did not 
appear to be greatly impacted by catalyst, with the exception of one catalyst with a modest d.r. of 
4.2:1 (entry 12).  
Table 9. Survey of Cinchona-derived Ammonium Fluoride Catalystsa 
 
Entry 
Catalyst 
F‒ 
Content 
Yield 
(%)c 
d.r.d 
e.r.d e.r.d 
R1 R2 (wt %)b (major) (minor) 
1 Me Ph (98a) 68 80 2.0 : 1 53:47 56:44 
2 Me 1-Naphthyl (98b) 73 77 1.7 : 1 54:46 51:49 
3 Me 2-FC6H4 (98c) 62 44
e 1.8 : 1 53:47 57:43 
4 Me 3,5-(t-Bu)2C6H3 (98d) 67 77
 2.1 : 1 61:39 55:45 
5 Me 3,5-(CF3)2C6H3 (98e) 64 91 2.4 : 1 52:48 51:49 
6 Me 2-CNC6H4 (98f) 65 86 1.7 : 1 64:36 45:55 
7 Me 9-Anthracenyl (98g) 74 75 1.7 : 1 56:44 54:46 
8 Bn Ph (98h) 57 54 2.0 : 1 54:46 57:43 
9 Bn 1-Naphthyl (98i) 74 73 2.3 : 1 56:44 56:44 
10 Bn 2-FC6H4 (98j) 58 83 1.5 : 1 56:44 57:43 
11 Bn 3,5-(t-Bu)2C6H3 (98k) 66 62 1.1 : 1 64:36 49:51 
12 Bn 3,5-(CF3)2C6H3 (98l) 64 76 4.2 : 1 50:50 49:51 
13 CH2CH=CH2 Ph (98m) 79 67 1.9 : 1 54:46 46:54 
14 CH2CH=CH2 1-Naphthyl (98n) 79 75 1.9 : 1 54:46 48:52 
15 CH2CH=CH2 2-FC6H4 (98o) 58 65 1.4 : 1 53:47 51:49 
16 CH2CH=CH2 3,5-(CF3)2C6H4 (98p) 64 65 2.2 : 1 48:52 53:47 
a Reactions performed on a 0.25 mmol scale and employed 2.0 equiv. of 49, 1.0 equiv. of 46, 0.10 equiv. of 98 at 
0.08 M in THF at ‒78 ºC for 1 h. b Calculated using hexafluorobenzene as a 19F NMR internal standard. c Yield of 
isolated material. d Determined by CSP-SFC analysis on the diastereomeric mixture. e Lower yield due to acetal 
formation during workup using 3 M HCl in MeOH. 
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 It was hypothesized that due to the ion pair nature of this reaction, perhaps changing to a 
less coordinating solvent may have an effect of enantioselectivity. A short survey of solvents were 
tested using the O-methyl-N-3,5-di-tert-butylbenzyl catalyst (Table 10). The reaction proceeded 
with the same yield in dichloromethane, however both the diastereo- and enantioselectivity were 
diminished (entry 2). When toluene was tested as a solvent, the reaction became heterogeneous 
upon addition of the fluoride salt and warming was necessary in order to facilitate stirring. The 
reaction remained heterogeneous over the course of the reaction although a similar yield was 
obtained. Unfortunately, the results in terms of yield and selectivity did not improve from the 
original solvent (entry 3). 
 
Table 10. Solvent Survey with Trimethylsilylbenzyl Phenyl Sulfone.a 
 
Entry Solvent Temperature (ºC) Yieldb d.r.c e.r. (major)c e.r. (minor)c 
1 THF ‒78 77 2.1 : 1 61:39 55:45 
2 CH2Cl2 ‒78 76 1.3 : 1 51:49 43:57 
3 PhCH3 ‒78→ ‒50 77 2.1 : 1 61:39 55:45 
a Reactions performed on a 0.25 mmol scale based upon 46 using 2.0 equiv. of 49, 0.10 equiv. of 98d at 0.08 M 
concentration for 1 h. b Yield of isolated material. c Determined by CSP-SFC analysis on the diastereomeric mixture. 
 
2.4.7.2  Benzyl Phenyl Sulfide  
 The reaction of the trimethylsilylbenzyl phenyl sulfide was also tested using a chiral 
quaternary ammonium fluoride salt (Scheme 26). The sulfide exhibited similar reactivity as the 
corresponding sulfone and was isolated in comparable yields. The enantiomeric ratio was 
determined after oxidation with m-chloroperoxybenzoic acid. Unfortunately any 
enantioenrichment observed previously was lost with the more reactive sulfide. 
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Scheme 26 
 
 
 Changing the size of the nucleophiles was also considered by changing the aryl-thioether 
unit to the thiomethyl group. Unfortunately, the small increase in pKa had a dramatic impact on 
the yield of this transformation (Scheme 24). Using achiral TBAF·3H2O as the catalyst resulted in 
a moderate yield of 49%, however changing to the less active chiral catalyst resulted in a yield of 
only 14%. This avenue was not pursued any further. 
 
Scheme 27 
 
 
2.4.7.3  Trimethylsilyl 2-Phenyl-1,3-Dithiane 
The Cinchona-derived series of catalysts was also tested in the conjugate addition of 
trimethylsilyl phenyl dithiane (Table 11). Most catalysts tested, regardless of solvation level, 
allowed for full conversion to the desired 1,4-addition product. Unfortunately, the 
enantioselectivity in the dithiane addition was similar to that of the benzyl phenyl sulfide addition, 
essentially racemic is all cases.  Attempts to change the solvent to diethyl ether (entries 8 and 9) 
resulted in poor isolated yields and no significant improvement in enantioselectivity. 
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Dichloromethane appeared to be an equally effective solvent for this transformation, but again the 
products obtained were racemic (entries 11 and 12). The isolated yields were particularly low when 
toluene was used as a solvent, although the highest e.r. of 62:38 was obtained (entry 13). 
 
Table 11. Survey of Cinchona-derived Ammonium Fluoride Catalystsa 
 
Entry R1 
F‒ Content 
(wt %)b Solvent 
Temperature 
(ºC) 
Yield 
(%)c e.r.d 
1 Ph (98a) 66 THF ‒78 98 50:50 
2 2-FC6H4 (98c) 69 THF ‒78 98 52:48 
3 1-Naphthyl (98b) 75 THF ‒78 quant. 51:49 
4 9-Anthracenyl (98g) 73 THF ‒78 0 e - 
5 3,5-(t-Bu)2C6H3 (98d) 54 THF ‒78 94 50:50 
6 3,5-(CF3)2C6H3 (98e) 72 THF ‒78 54 f 53:47 
7 3,5-(Ph)2C6H3 (98q) 75 THF ‒78 quant. 53:47 
8 1,3-Dimer 71 THF ‒78 quant. 56:44 
9 Ph (98r) 66 Et2O ‒40 17 g 46:54 
10 3,5-(t-Bu)2C6H3 (98d) 54 Et2O ‒40 37 g 42:58 
11 1-Naphthyl (98b) 75 CH2Cl2 ‒78 57 g 55:45 
12 2-FC6H4 (98c) 69 CH2Cl2 ‒78 83 44:56 
13 3,5-(Ph)2C6H3 (98q) 75 PhCH3 ‒78 14 h 62:38 
14 1,3-Dimer (98r) 71 PhCH3 ‒78 6 h 51:49 
a Reactions performed on a 0.25 mmol scale using 1.5 equiv. of 51a, 1.0 equiv. of 46, 0.02 equiv. of 98 at for 
0.5 h. b Calculated using hexafluorobenzene as a 19F NMR internal standard. c Yield of isolated material. d 
Determined by CSP-SFC analysis. e Recovered silylated starting material. f Reaction time of 2.5  h. g Reaction 
time of 1.5 h. h Reaction time 1 h at ‒78 ºC, then warmed to rt. 
 
 Due to the poor enantioselectivity obtained using the Cinchona series of catalysts, an 
alternative series of catalysts based upon the Maruoka-type binaphthyl quaternary ammonium core 
was briefly explored (Table 12). Good conversion was observed with a variety catalysts, except in 
the case in which toluene was used as the solvent (entry 6). The observed asymmetric induction 
for these catalysts was also minimal and did not warrant further investigation. 
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Table 12. Survey of Mauroka-Type Ammonium Fluoride Catalystsa 
 
Entry R1 R2 
 F‒ Content 
(wt %)b Solvent 
Yield 
(%)c e.r.d 
1 H n-C4H9 101a 64 THF 63 51:49 
2 Ph n-C4H9 101b 64 THF 87 52:48 
3 3,5-(CF3)2C6H3 n-C4H9 101c 78 THF 73 53:47 
4 H spiro- 101d 69 THF 98 53:47 
5 H spiro- 101d 69 CH2Cl2 94 53:47 
6 H spiro- 101d 69 PhCH3
 12e 56:44 
7 Ph spiro- 101e 50 THF 89 53:47 
8 3,5-(CF3)2C6H3 spiro- 101f 32 THF 52 52:48 
a Reactions performed on a 0.25 mmol scale using 1.5 equiv. of 51a, 1.0 equiv. of 46, 0.02 equiv. of 101 
at for 0.5 h. b Calculated using hexafluorobenzene as a 19F NMR internal standard. c Yield of isolated 
material. d Determined by CSP-SFC analysis. e Reaction time 3 h at ‒78 ºC, then warmed to 10 ºC for 8 
h. 
 
 To determine if the poor enantioselectivity observed was due to the structure of the 
cyclohexen-2-one electrophile, other substrates were screened using a Cinchona-derived chiral 
catalyst (Table 13). High yield of the desired 1,4-addition product was observed with the parent 
substrate cyclohexen-2-one, cyclohepten-2-one, and chromone. In each case the isolated products 
were near racemic. Most other Michael acceptors gave only trace product when the chiral catalyst 
was used, perhaps due to the higher solvation of the chiral catalyst in comparison to TBAF·3H2O. 
The best enantioselectivity observed was in the case of cyclopenten-2-one, which resulted in an 
e.r. of 62:38. The lower yield (46%) was due to competitive polymerization. Attempts to optimize 
the addition of silyl phenyl dithiane to cyclopenten-2-one by changing the solvent did not improve 
this initial result. 
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Table 13. Reaction Scope of α,β-Unsaturated Electrophile with Phenyl Silyl Dithianea,b,c 
 
 
 
a All reactions were performed on an 0.25 mmol scale of x with 1.5 equiv. of 51a and 0.03 equiv. of 98q in THF 
[0.08 M] at ‒78 ºC, followed by quenching with 2 M Cl3CCO2H in THF. b Yields refer to chromatographically 
homogeneous, isolated products. c Enantiomeric ratios were determined by CSP-SFC analysis. 
 
2.5 Discussion 
 Described above are the results of an investigation into the reactivity of α-sulfur stabilized 
nucleophiles generated through fluorodesilylation. To facilitate discussion of the results presented, 
first a proposed mechanism will be presented, followed by a discussion of the nature of the reactive 
intermediates involved. In the context of this mechanism the scope and limitation of the developed 
reactions will be then be accessed. 
2.5.1 Proposed Mechanism and the Nature of the Reactive Intermediate 
 Two possible mechanisms can be envisioned for the fluorodesilylation-conjugate addition 
of α-sulfur stabilized nucleophiles: (1) a fluoride-anion catalyzed process in which TMSF serves 
as the silylating source (Scheme 28, left) and (2) an autocatalytic process in which the intermediate 
ammonium enolate is silylated by the substrate itself (Scheme 28, right). In the second case, 
fluoride anion is not necessary for catalytic turnover and merely serves to initiate the reaction. 
Intermediates in the catalytic cycle are drawn as ion pairs for simplicity, and the potential role of 
hypervalent silicate intermediates will be discussed later. 
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Scheme 28 
 
 
 Both catalytic cycles presented above have been forwarded in the literature. Upon the 
consideration of the high bond energy of the Si–F bond (135 kcal/mol) relative to that of the Si–O 
bond (105 kcal/mol), metathesis between TMSF and an enolate anion would not be 
thermodynamically favored. It is more likely that the autocatalytic cycle is operative, and the 
thermodynamically more favored exchange of silyl group from carbon to oxygen occurs. Evidence 
for this autocatalytic behavior comes from studies of the fluoride-promoted allylation of carbonyl 
compounds, in which both an initial induction period has been observed and ammonium alkoxides 
have been shown to act as catalysts in the absence of fluoride. Potassium enolates complexed with 
crown ethers have also been shown to catalyze the silylation of ketones from α-silylacetates as the 
silyl group donor. This is not to exclude the possibility of the fluoride-catalyzed cycle also 
occurring. Reich has demonstrated that the crypt-solvated enolate of cyclohexanone can undergo 
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silylation from TMSF. If fluoride is used in substoichiometric quantities, it also follows logically 
that during reaction the relative concentration of TMSF in solution is quite low, and productive 
collision to transfer a silyl group is more likely with the C-silylated starting material, which is 
often used in excess. 
 Activation of carbon-silicon bonds by fluoride initially forms a hypervalent silicate species 
(Scheme 29). The nature of the substituents on silicon and the identity of the nucleofuge located 
trans to the fluorine will impact whether the hypervalent silicate (110) is a stable species or 
undergoes carbon-silicon bond cleavage to generate trimethylfluorosilane (109) and an newly 
formed ion pair (111). Hypervalent silicate formation is generally favored when electronegative 
groups (such as additional fluoride or alkoxide ligands) are present, while trialkylsilanes typically 
produce less-stabilized hypervalent silicate species and thus favor ionization. The better leaving 
group ability of the nucleofuge (or lower pKa) can also play a crucial role in favoring bond scission. 
 
Scheme 29 
 
 
 In the case of fluoride-promoted reactions of weakly acidic carbon nucleophiles (such α-
sulfur stabilized carbanions) there is evidence that supports the intermediacy of a free carbanion. 
In a study of the fluoride-promoted conjugate addition of trimethylsilyl benzyl phenyl sulfide, 
Reich found that the anion resulting from fluorodesilylation gave similar diastereoselectivity, 
yield, and reaction rates when compared to a number of solvent-separated lithiated anions.108 The 
authors’ observation that changing the alkyl groups on the silicon atom had no impact on the 
diastereoselectivity of the reaction was further indirect evidence for an ion pair intermediate. The 
most compelling evidence provided by these authors was in the near match of the 13C NMR spectra 
for the solvent-separated lithiated anion and the anion formed by fluorodesilylation. Both species 
showed dramatic upfield shifts in the 13C signals corresponding to the aryl group directly attached 
to the carbon bearing the negative charge: a 4 ppm change for the ortho-carbon signal and an 8 
ppm change for the para-positon. We observed a similar shift in 13C NMR signals when 2-
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trimethylsilyl-2-phenyl dithiane was treated TAS-F as a fluoride source. The 13C NMR 
measurements are undeniably similar to those reported by Eliel117a,121 and Seebach122 for the 
solvent-separated lithiated dithiane (Table 14). The ipso-carbon becomes deshielded and shifts 
downfield by approximately 14 ppm, and this shift occurs for both the contact lithio-ion pair (112) 
and the HMPA-solvent separated ion pair (113). The shifts of the ortho- and para-carbon atoms 
are more indicative of counterion separation, where the HMPA-solvent separated ion pair (113) 
and the TAS-carbanion formed through fluorodesilylation (90) give very upfield signals at 
approximately 118 and 106 ppm, respectively. The shifts of the ortho- and para-carbon signals for 
the contact lithio-anion (112) are not nearly as dramatic, at 122.5 and 113.1 ppm respectively. In 
all cases, the meta-carbon signals are unchanged. Due to the large chemical shift change for the 
ortho- and para-carbon signals upon fluorodesilylation, it can concluded that the counteranion is 
associated in a diffuse manner similar to that of HMPA-solvated lithium counterions, providing 
evidence that the fluorodesilylation does result in ion pair formation.  
 
Table 14. Comparison of 13C NMR Shifts the Aromatic Carbons of Dithianyl Anions 
Compound Solvent δ (Cispo) δ (Cortho) δ (Cmeta) δ (Cpara) 
 
THFa - 129.0 128.3 128.6 
d8-THF
b 141.2 129.5 128.9 129.1 
 
THFa 157.0c 122.5 127.3 113.1 
  
THF:HMPA 
(2:1)a 
154.2e 117.5 127.3 104.1 
 
d8-THF
d 155.4 118.0 128.4 106.0 
a Chemical shifts in parts per million downfield from internal tetramethylsilane at –20 ºC. b Chemical 
shifts in parts per million references to residual THF solvent peak at 23 ºC. c Measured d8-THF at –110 
ºC. d Measured at –78 ºC. e Measured for 4-methyl-2-phenyl-2-lithio-1,3-dithiane. 
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2.5.2 Optimization of Reaction Conditions 
 The conjugate addition reaction of weakly acidic carbon nucleophiles discussed above 
occurs quickly (generally less than 30 min) and at very low temperature (–78 ºC). The nucleophilic 
species generated under these reaction conditions appears to be very reactive and for certain 
substrate classes very high yields of the 1,4-addition product can be obtained. Regardless of 
nucleophile, a key to good conversion is the need for an excess of silylated starting material. At 
first glance, this fact makes sense due to the solvation of the fluoride catalyst potentially 
protonating the generated nucleophile. However in the case of TBAF·3H2O, for every one 
equivalent of fluoride (and therefore 1 equiv. of anion), three equivalents of a proton source are 
introduced. The reaction is indeed water sensitive, in the fact that dry solvent and inert conditions 
must be used; however it appears that the presence of water in quantities greater than that of 
fluoride does not prevent catalytic turnover which is surprising. There could be a few reasons for 
this observation. First, in the anhydrous solvent it is possible that some of the fluoride ion is 
solvated by more than one water molecule. This may deem that particular fluoride anion as 
unreactive to participate in the catalytic cycle, but may also sequester water away from the site of 
anion generation. We have already seen that due to the autocatalytic mechanism of these reactions, 
only a very low loading of fluoride is necessary (0.5 mol % is effective for dithiane additions, see 
Table 3). Second, immediate protonation of the formed carbanion intermediate would produce an 
equivalent of tetrabutylammonium hydroxide. Unsolvated hydroxide ion is likely basic enough to 
promote the reaction, either through desilylation or through enolization of the Michael acceptor (if 
possible). Quaternary ammonium alkoxides and hydroxides have shown to promote the reaction 
of trimethylsilylated pronucleophiles of lower basicity. Regardless of why these reactions are sort-
of water sensitive, this is a blessing when it comes to testing chiral quaternary ammonium fluoride 
salts derived from Cinchona alkaloids. Due to the basicity of the fluoride ion increasing as 
solvation is decreased, it was difficult to produce chiral fluoride salts with a methanol solvation 
below that of about 5 MeOH molecules per fluoride. Some catalysts contained on the order of 10 
MeOH units, yet all of the chiral fluoride catalysts were able to promote the conjugate addition 
reaction of the seemingly incompatible carbanion nucleophile. 
2.5.3 Scope of Nucleophile 
 The scope of nucleophile in these reactions can tell us something about the reactivity of 
the anion being generated. The fluorodesilylation approach is very sensitive to the pKa of the 
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resultant anion. The 1,4-addition reaction works best if the nucleophile contains an aromatic group 
to delocalize the generated anion. This delocalization is apparent in the 13C NMR spectra of both 
the benzyl phenyl sulfide and dithianyl anion. It is likely that is delocalization assists in the Si-C 
bond cleavage of the intermediate hypervalent silicate. When a highly electron-withdrawing 
substitution, such as para-cyano substitutent, was placed on the aromatic ring in the dithianyl 
nucleophile, the increased stabilization of the anion did not prevent reaction; conjugate addition 
was still obtained in high yields. 
The existence of charge delocalization does not necessary imply that anion generation is 
out of the question for pronucleophiles not containing a pendent aryl group. For example, the 2-
phenethyl-substituted silyl dithiane did exhibit levels of desilylation (approx. 50%) well above the 
amount of fluoride added (3 mol %). This indicates that the anion may be generated, but due to its 
elevated pKa (approximately 3-4 units) the resultant anion is too basic. This anion likely enolizes 
cyclohexen-2-one, which in turns creates a chain-carrying species that can catalyze the 
desilylation. Indeed, by partial oxidation of the dithiane moiety to the corresponding 1,1-dioxide, 
conjugate addition is again observed, indicating that relative pKa is a good indicator of whether 
an anion will react as a base or as a nucleophile. The less successful attempts to use 2-trimethylsilyl 
benzyl methyl sulfide as a nucleophile with chiral fluoride salts may be another indication of the 
importance of even slight changes in pKa. 
Due to the high reactivity of the anions generated, these fluorodesilylation reactions are 
less impacted by steric factors than other conjugate additions. Substitution at the ortho-position of 
the silyl dithiane did not prevent the conjugate addition from occurring in high yields. 
Additionally, hindered Michael acceptors, with β- and γ-substitution also participated in the 
reaction. Obviously, every method has its limitations, and in the case of dithianyl additions an α-
branched dithiane-1,1-dioxide did not undergo any observable conjugate addition. 
2.5.4 Scope of Electrophile 
 The catalytic conjugate addition of weakly acidic carbon nucleophiles is highly substrate 
dependent. Certain classes of substrates give very high yields, while many classes appear to 
undergo no reactions at all, resulting in recovered starting material. This is not surprising for a 
reaction that proceeds by autocatalysis; the conjugate addition must result in an anion that can 
continue the catalytic cycle. This requirement results in the type of substrate limitations that were 
observed in the conjugate addition of dithiane nucleophiles by fluorodesilylation. High yields are 
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observed for α,β-unsaturated ketones and esters because following conjugate addition, the enolate 
formed is nucleophilic enough to desilylate the starting material to continue the catalytic cycle. In 
the case of other Michael acceptors, such as α,β-unsaturated nitriles or alkylidene malonates, the 
resultant anion after conjugate addition is not nucleophilic enough to carry the catalytic cycle. The 
isolation of silylated starting material may appear as no reaction has taken place, however these 
Michael acceptors are certainly electrophilic enough to undergo reaction with the carbanion. It is 
likely that the conjugate addition does take place but is not autocatalytic, and a full equivalent of 
fluoride would be necessary to achieve full conversion.  
 This reaction is also very sensitive to acidic functional groups on the Michael acceptor. For 
example, in the case of α,β-unsaturated methyl ketones, no 1,4-addition is observed but full 
desilylation takes place. This is likely due to the high kinetic acidity of methyl ketones favoring 
enolization by the carbanion generated in solution. Enolization is not only competes relative to the 
desired reaction pathway (conjugate addition) but is also autocatalytic since the enolate formed 
can further desilylate the starting material. The high basicity of the generated nucleophile may be 
indirect evidence that this reaction does proceed through a carbanion intermediate. It is unclear 
how other acidic functionality (such as alcohols) would be tolerated under these reaction 
conditions. It is hard to say whether an acidic functionality that is not capable of autocatalysis 
would halt the catalytic cycle entirely, or only result in diminished yields of the 1,4-addition 
product.  
The question of regioselectivity in regards to 1,2– and 1,4–addition is an interesting one. 
Substrates that work well in the fluorodesilylative reactions show very high levels of 1,4-addition 
product, and in most cases 1,2-addition products are not observed. This could be due to the nature 
of the anion itself. It has been shown that less-coordinating counterions can lead to higher levels 
of 1,4-addition, as is shown in the case of solvent separated lithio-dithianyl anions. It is also 
possible that this is an artifact of the autocatalytic mechanism, as is evidenced by most closely 
looking at the addition of trimethylsilyl phenyl dithiane to trans-cinnamaldehyde (Table 7). When 
the standard reaction conditions were applied (3 mol % TBAF·3H2O, THF, –78 ºC, 1 h), a small 
amount of 1,2-addition product was observed (12%) with mostly recovered silylated starting 
material and unreacted aldehyde. If the reaction time is extended to 7 h, there is no increase in the 
amount of 1,2-addition product. This indicates that not only is 1,2-addition favored for aldehydes 
but that the 1,2-adduct (tertiary ammonium alkoxide) is a poor nucleophile for the autocatalytic 
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cycle. Interestigly, if the initial amount of fluoride is increased to 10 mol %, full conversion of the 
silyl starting material is observed, and some 1,4-addition product is obtained. In this case, the 
relative ratio of 1,2- versus 1,4-addition is approximately 8:1. When a one equivalent of fluoride 
is used, this ratio does not change significantly. It is possible that in the case of trans-
cinnamaldehyde the higher fluoride loading is necessary because only the adduct of 1,4-addition 
adduct (ammonium enolate anion) is an efficient chain-carrier in the autocatalytic reaction. For 
every 8 anions generated, only one will result in a species that can act as a catalyst, quickly 
diminishing the active catalyst pool as the reaction proceeds. It may be possible that alkoxides 
(especially hindered tertiary alkoxides) are must less active catalysts at the cryogenic reaction 
temperatures employed. Catalytic fluoride-promoted 1,2-additions of silyl dithianes have been 
reported, but are usually performed at much higher temperature (0 ºC to above room temperature). 
This inability of 1,2-addition to lead to autocatalysis results in substrates that undergo 1,2-addition 
(such as α,β-unsaturated aldehydes and some α,β-unsaturated esters) to appear not to react at all 
unless an alternative reaction pathways such as enolization can occur to drive catalysis. 
2.5.5 Stereoselectivity 
 The diastereo- and enantioselectivity of the conjugate addition of weakly acidic carbon 
nucleophiles was not significantly impacted by the nature of the counteranion. Despite testing a 
variety of chiral fluoride salts, enantioselectivity was always quite low (maximum e.r. 62:38). This 
is despite the fact that Cinchona-derived catalysts have been very successful as a chiral counterion 
in many transformations, included fluoride-catalyzed aldol additions and trifluoromethylations. 
Maruoka has also had success in using a chiral counterion to direct diastereo- and enantioselective 
reaction of silyl nitronates with cyclic enones. In the reactions presented here, the key difference 
is the anion generated by fluorodesilylation in this study is much more reactive. The poor 
enantioselectivity observed is likely a reflection of the hyper reactivity. Reactions that proceed 
through a highly reactive intermediate tend to have very early transition states, meaning that the 
physical distance between the reacting partners is large. If in the transition state the chiral ion pair 
and the neutral enone are far apart, it is unlikely that the counterion will be unable to bias the facial 
approach of the nucleophile (see Figure 12). Dual catalysis is one possible approach that could 
engage the enone in closer proximity to the highly reactive anion, although this bifunctional 
catalyst would need to be compatible with both fluoride and a highly basic carbanion. 
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Figure 12. Proposed approach of enone resulting in both possible enantiomers. 
 
 If the high reactivity of the anion is the major issue for achieving high enantioselectivity, 
then lowering the pKa of the nucleophile may be beneficial. Oxidation of the sulfur atom in the 
case of the conjugate addition of benzyl phenyl sulfone did not appear to significantly increase the 
enantio- or diastereoselectivity. Unfortunately, further changing the nucleophile to lower pKa 
starts to overlap in the types of transformations that are amendable to other types of ion pair 
catalysis that do not require the tedious preparation of fluoride salts. That isn’t to say that this type 
of approach to ion pair catalysis doesn’t have its benefits when compared to phase-transfer 
catalyzed reactions. The main advantages with using fluorodesilylation, regardless of pKa of the 
anion generated, is that there is essentially no background rate. It is much easier to ensure that the 
only counterion available in solution is the chiral entity. The relative concentration of base in these 
reactions is also relatively small in comparison to PTC reactions, which may lead to better 
suitability to base-sensitive substrates. Also, the masking of the nucleophile with a silyl group 
prior to reaction may be beneficial in reactants that suffer from self-condensation or cross-
reactivity if the enolization is attempted under phase-transfer conditions.  
 
2.6 Conclusion 
 In conclusion, the addition of weakly acidic carbon nucleophiles to unactivated α,β-
unsaturated ketones and esters using a fluorodesilylation strategy has been developed. This method 
is operationally simple and uses a readily available quaternary ammonium fluoride salt (TBAF) as 
the catalyst. The masked 1,4- diketone products were obtained in excellent yields and with short 
reaction times. This method is complementary in scope to existing methods for the synthesis of 
1,4-dicarbonyl compounds. By observation of the reactive intermediate using 13C NMR 
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spectroscopy, it is proposed that the reaction proceeds through an ion pair intermediate. 
Unfortunately, a preliminary survey of chiral quaternary ammonium fluorides resulted in poor 
levels of stereoselection. This may be due to the high reactivity of the nucleophile generated, 
resulting in an early transition state. Increasing the level of enantioselection in this type of reaction 
is going to require a redesign of approach either by engaging secondary interactions with the 
electrophile or by attenuating the reactivity of the carbanion intermediate. 
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Chapter 3: Development of a Phase Transfer Catalyzed [2,3]-Wittig Rearrangement 
  
3. 1 Introduction 
Sigmatropic rearrangements represent one of the most powerful methods for the 
stereocontrolled synthesis of small molecules.123,124 Due to the very nature of sigmatropic 
rearrangements, these reactions are completely atom economical and have the potential to rapidly 
build molecular complexity in a single step. The stereochemical outcome of these rearrangements 
is predictable as the reaction proceeds through a highly-ordered, cyclic transition state.125,126 The 
combination of catalysis and sigmatropic rearrangements has been used to great success in the 
development of reaction cascades that can build beautifully complex organic structures.127,128 The 
ability to design catalysts which not only promote a given rearrangement, but also control the 
enantioselectivity of these processes has been a long-standing goal in the field of asymmetric 
catalysis. This chapter is an account of our work in this area to use phase transfer catalysis as a 
means to catalyze and control the enantioselectivity of a [2,3]-Wittig rearrangement.   
3.1.1 [2,3]-Sigmatropic Rearrangements 
 The [2,3]-sigmatropic rearrangement is a thermal isomerization reaction involving six 
electrons and five atoms as shown in Scheme 1 (left). The numerical nomenclature ([2,3]) follows 
the naming convention used for other sigmatropic rearrangements, by starting at the σ-bond that 
is breaking and counting to the position of the newly formed σ-bond (shown in blue and red). The 
[2,3]-rearrangement typically occurs at lower temperature than the well-studied [3,3]-
rearrangement and is a thermally allowed suprafacial process in accordance with the Woodward-
Hoffman rules.129 Substrates that undergo [2,3]-rearrangement can vary in substitution, but 
typically consist of an allyl group and heteroatom substitution at either the X position, Y position, 
or both. Well studied substrate classes that undergo [2,3]-rearrangement include allyl-substituted 
ylides, allyl sulfoxides, allyl selenoxides, and α-allyloxycarbanions. The later case is termed the 
[2,3]-Wittig rearrangement and is the focus of this chapter (Scheme 1, right).130 
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Scheme 30 
 
 
 The [2,3]-rearrangement of allyloxycarbanion substrates was first recognized in the 
rearrangement of fluorenyl allyl ether 114 upon deprotonation (Scheme 31). In 1949, Wittig was 
the first to recognize the thermal [1,2]-shift of allyloxy-substituted 114 (R1, R2 = H)  to give 
products of structure 115, thus this rearrangement was termed the [1,2]-Wittig rearrangement 
based upon the [1,2]-shift of other non-allylic substitutents.131 Later investigations differentiated 
the substitution at the R1 and R2 positions of fluorenyl allyl ether 114 (R1 ≠ R2) allowing the 
observation of not only the expected [1,2]-shift (115), but also a new product arising from a [2,3]-
rearrangement (116). A mixture of [1,2]- and [2,3]-rearrangement was first reported by Stevens et 
al. in the presence of sodium butoxide at high temperature (120 °C).132a A few years later in was 
independently discovered by Schӧllkopf132b and Makisumi10c that deprotonation at low 
temperature using methyl lithium favored exclusive [2,3]-rearrangement. It is now widely 
recognized that the [1,2]-Wittig rearrangement proceeds through a radical dissociation-
recombination mechanism (often at higher temperature) while the related [2,3]-Wittig 
rearrangement is a sigmatropic process. 
 
Scheme 31 
 
 
The [2,3]-Wittig rearrangement proceeds through a cyclic 5-membered transition state. As 
is characteristic of all sigmatropic rearrangements, the reaction proceeds through concerted bond 
breaking and bond forming events. Even though the [2,3]-Wittig reaction requires the preformation 
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of an anionic intermediate (typically done by lithiation at low temperature), the skeletal 
rearrangement proceeds by a pericyclic mechanism. As Fleming reminds us “ionic reactions can 
often precede or follow a pericyclic reaction, sometimes disguising the pericyclic event.”125 This 
is especially pertinent for the [2,3]-Wittig rearrangement where it can be tempting to rationalize 
the bond migrations by nucleophilic attack of the carbanion into the unsaturated system (SN2’-type 
reactivity). While this line of thinking may be useful to arrive at the correct product, there is no 
directional flow of electrons in a pericyclic mechanism and one could just as correctly draw the 
arrows in the opposite direction.  
3.1.2 Stereocontrol in the [2,3]-Wittig Rearrangement 
The stereoselectivity of the [2,3]-Wittig rearrangement is predictable because of the 
pericyclic mechanism and as a result the [2,3]-Wittig rearrangement has found wide application in 
organic synthesis. The following trends are generally observed: (1) secondary allyloxy-groups 
(such as substrate 117) favors the formation of (E)-olefins (Scheme 32A) and (2) relative 
configuration is dependent on the starting olefin geometry, with (E)-olefins favoring the anti-
product and (Z)-olefins favoring the syn-product (Scheme 32B). Each of these trends can be 
rationalized by considering the envelope-shaped, five-membered cyclic transition states. The 
major product arises from the transition state that minimizes pseudo-1,3-diaxial strain by 
placement of both the R and G substituents in pseudoequitorial positions. It should be noted that 
diastereoselection is more heavily impacted by the size of the electron-stabilizing group G in the 
case of (E)-olefins due to a competing gauche interaction within the favored transition state. As a 
result diastereoselectivity is often higher for substrates with (Z)-olefins. A full discussion of 
selectivity trends can be found in the review literature.133,134 
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Scheme 32 
 
 
 
 The utility of the [2,3]-Wittig rearrangement in asymmetric synthesis stems from the ability 
to create new stereocenters based upon the configuration of the starting enantioenriched allylic 
alcohol. A nice example that illustrates of this process is in the enantioselective synthesis of an 
elm bark beetle pheromone 123 by Nakai (Scheme 33).135 The stereogenic center in the starting 
allyl ether 121 dictates a single conformation of the five-membered ring transition state, leading 
to the [2,3]-rearrangement product 122 as a single stereoisomer. The high selectivity observed is 
a direct consequence of configuration of the starting allylic alcohol 121. 
 
Scheme 33 
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3.1.3 Enantioselective [2,3]-Wittig Rearrangements 
 Stoichiometric methods to control the enantioselectivity of the [2,3]-Wittig rearrangement 
are numerous, including the use of chiral auxiliaries attached through amide,136 ester,137 or 
hydrazone138 functional groups, use of chiral boron enolates,139 or deprotonation by a chiral 
base.140 Catalytic enantioselective methods are rare. To date, only two approaches to the catalytic 
enantioselective [2,3]-Wittig rearrangement have been successful: (1) metal-catalyzed formation 
of an allylic oxonium ylide followed by sigmatropic rearrangement141 and (2) enamine catalysis.142 
 The [2,3]-rearrangement of oxonium carbon ylides is outlined in Scheme 34. Reaction of 
an α-diazo carbonyl compound with a metal catalyst (typically Rh or Cu) results in the formation 
of an electron-deficient metallocarbene intermediate. This intermediate is electrophilic enough to 
intercept a lone pair of an allylic ether, resulting in a metal-bound oxonium ylide. Whether the 
metal catalyst is still bound to the substrate during [2,3]-rearrangement is still debated.143 The 
[2,3]-rearrangement could proceed through the metal-bound oxonium species or by dissociation 
of the metal catalyst to form a “free” oxonium species.  In certain cases, the stereochemical 
outcome of the reaction is highly dependent on catalyst, which may indicate that the metal catalyst 
is involve in the rearrangement step. 
 
Scheme 34 
 
 
 Enantioselective [2,3]-rearrangement of oxonium ylides has been accomplished with 
varying levels of success. Early examples focused on intramolecular variants to favor the desired 
oxonium ylide formation. Metallocarbene intermediates are prone to a variety of side reactions (C-
H insertion, cyclopropanation, diazo-dimerization) and intramolecularity ensures a high local 
concentration of the desired nucleophile (oxygen lone pair of the starting material). The observed 
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enantioselectivity in these intramolecular rearrangements are generally modest.144 A single 
example of excellent enantioselectivity in an intramolecular reaction was reported by Hashimoto 
in the formation of 2,8-dioxabicyclo[3.2.1]octane 126, a core of zaragozic acids (Scheme 35).145 
 
Scheme 35 
 
 
Two other highly enantioselective [2,3]-oxonium ylide rearrangements have been reported, 
both involving intermolecular reactions. The first was reported by Doyle in 1999 in the reaction 
of ethyl diazoacetate 127 with cinnamyl methyl ether 128 in the presence of a chiral rhodium 
complex (Scheme 36).146 One example was reported to give excellent enantioselectivity and good 
diastereoselectivity. The very low yield of desired product 129 (36%) was due to competitive side 
reactions including cyclopropanation of both the starting allylic ether and the product. 
 
Scheme 36 
 
 
 The more recent example reported by Davies is the only report to show a significant scope 
in substrate.147 The authors propose that the ability to obtain high degrees of [2,3]-rearrangement, 
rather than OH-insertion, was in the use of a donor-acceptor metallocarbenes. Excellent 
enantioselectivities were obtained for the reaction of styrenyl-substituted diazoacetates 130 with a 
variety of allylic alcohols 131 (Scheme 37). The diminished yields of desired product 132 were 
due to competitive OH-insertion byproducts which are difficult to remove by chromatography. 
Limitations of this method are that unsubstituted alcohols (allyl alcohol) give exclusively the 
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racemic OH-insertion product, and enantiomeric ratios are lower or non-existent for other 
substituted diazoacetates. 
 
Scheme 37 
 
 
 Gaunt has reported the only other example of an enantioselective [2,3]-rearrangement by 
using enamine catalysis (Scheme 38).148 The enantioselectivity and diastereoselectivity of this 
process was modest, but did provide a proof-of-principle that enamine catalysis could control the 
stereochemical outcome of a [2,3]-rearrangement. 
 
Scheme 38 
 
 
3.1.4 [2,3]-Rearrangement of Allyloxycarbonyl Compounds Under Basic Conditions 
 A general method for the catalytic asymmetric [2,3]-Wittig rearrangement has yet to be 
reported. While the examples in the preceding section represent good first steps, these methods are 
far from ideal in terms of both yield and substrate scope. We were intrigued by the possibility of 
using phase transfer catalysis for the [2,3]-rearrangement of allyloxycarbonyl compounds. By 
utilizing a chiral non-racemic quaternary ammonium catalyst, it was proposed that the chiral 
ammonium enolate intermediate could control the stereochemical course of the rearrangement by 
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orienting the allyloxy-group to either face of the enolate (Scheme 39). A phase transfer catalyzed 
enantioselective [2,3]-rearrangement has the potential to be operationally simple and applicable to 
a broader substrate scope than existing methods. 
 
Scheme 39 
 
 
 Prior to the initiation of this research project, the reactivity of allyloxycarbonyl compounds 
under basic conditions needed to be well understood. Two competing mechanisms are operative 
for the reaction of allyloxycarbonyl compounds under basic conditions: the [2,3]-Wittig 
rearrangement (where the substrate can be viewed as a carbanion-allyloxy system, and the new σ-
bond forms at C-2) and the [3,3]-oxyanionic Claisen rearrangement (where the substrate can be 
viewed as a oxyanion-diene system, and the new σ-bond forms at C-1) (Scheme 40). 
 
Scheme 40 
 
 
 The differences in the type of rearrangement product observed is dependent on the relative 
thermodynamic stability of each product and is highly dependent on the substitution pattern of the 
starting material. Nakai reports the rearrangement of a variety of acyclic allyloxycarbonyl 
derivatives (135a-d) which lack substitution at the α-position (Scheme 41). Following 
deprotonation with LDA at low temperature, allyloxy acids,149 phenyl ketones,150 amides,151 and 
oximes152 undergo exclusive [2,3]-rearrangement. Allyloxy ester derivatives did not undergo 
rearrangement under standard conditions (LDA, THF, –70 ºC), but do undergo [2,3]-
rearrangement with the addition of HMPA.150 This observation, coupled with the 
fluorodesilylation studies using silyl ketene acetals,152 indicates that substantial anionic character 
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at the carbon at the α-position to the ester is necessary to promote [2,3]-rearrangement of allyloxy 
ester substrates. The yields for the [2,3]-rearrangements were typically good (57-80%) and the 
diastereomeric ratios were modest (approximately 2:1 in most cases).  Thomas also reported a 
single example of exclusive [2,3]-rearrangement of an allyloxy-methylketone substrate.153 A 
Lewis-base catalyzed rearrangement of acyclic silyl ketene acetals also resulted in exclusive [2,3]-
rearrangement.154 The failure to observe [3,3]-rearrangement in cases of substrates lacking α-
substitution is likely due a thermodynamic preference disfavoring the formation of the aldehyde 
that would result from [3,3]-rearrangement. 
 
Scheme 41 
 
 
 Introduction of a substituent at the α-position appears to promote competitive [3,3]-
rearrangement of acyclic compounds. Koreeda reported exclusive [3,3]-rearrangement of α-methyl 
allyloxy-substrate 137 (Scheme 42).155 The reaction rates are highly dependent on the counterion, 
with potassium enolates reacting the lowest temperature and lithium enolates requiring heating. In 
the case of lithium enolates, [2,3]-rearrangement is also observed (approximately 20%). Koreeda 
reports switching the preference switches to exclusive [2,3]-rearrangement of the lithiated  N,N-
dimethyl hydrazone of substrate 24, presumably due to the negative charge being localized on the 
α-carbon.156 Addition of a second electron-withdrawing group at the α-position such as a 
phosphonate can have a similar effect in promoting [2,3]-rearrangement.157 
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Scheme 42 
 
Allyloxy-ketone substrates contained within a cyclic substrate can undergo either [2,3]- or 
[3,3]-rearrangement. Mukaiyama describes a Lewis-base catalyzed rearrangement of allyloxy-
tetralone substrates starting from the corresponding silyl enol ethers 140 (Table 15).158 Under these 
reaction conditions, [2,3]-rearrangement (141) is the major product observed. When a lithium 
alkoxide is used as the catalyst, both rearrangement products are observed in approximately a 4:1 
ratio favoring [2,3]-rearrangement (entry 1). Less coordinating counterions (Na, K, Bu4N) afford 
exclusive [2,3]-rearrangement. The exclusive [2,3]-rearrangement of allyloxytetralone substrates 
under basic conditions directly contrasts the reported [3,3]-rearrangement of the same system using 
a Rh-catalyst.159 
 
Table 15. Counterion Effect in the Rearrangement of Allyloxy-Tetralones.158 
 
Entry M–OR 
1H NMR Yield (%) 
141-(2,3) 142-(3.3) 
1 LiOBn 87 12 
2 NaOBn 94 - 
3 KOBn 84 - 
4 Bu4NOBn 88 - 
 
3.1.5 Application of Phase Transfer Catalysis to Intramolecular Reactions 
 The counterion effects observed in the divergence of [2,3]- versus [3,3]-rearrangement in 
allyloxycarbonyl substrates is encouraging for the development of an enantioselective [2,3]-
rearrangement by ion pair catalysis. The suitability of phase transfer catalysis to molecular 
rearrangements has only been addressed in a single report by Yamamoto.160 The authors report 
catalysis of the [2,3]-Wittig rearrangement of  9-allyloxyfluorenyl ether 143 under solid-liquid 
69 
 
phase transfer conditions (Scheme 43). The authors report that both crown ethers and quaternary 
ammonium salts function as a catalyst and no rearrangement was observed in the absence of 
catalyst. No reaction was observed under liquid-liquid PTC conditions using 20% aq. KOH. This 
process appears to be going through a sigmatropic rearrangement due to the following 
observations: (1) methyl substitution at the R1 position resulted in exclusive formation of the E-
double bond and (2) crotyl substrates (R2 = Me) gave expected [2,3]-product 144 with the methyl 
group located at the internal position. The authors observed competitive [1,2]-Wittig 
rearrangement at higher temperatures (approximately 5-10%) which was diminished by 
performing the reaction at –20 ºC.  
Scheme 43 
 
 
 The initial report by Yamamoto indicates that catalysis of a molecular rearrangement is 
possible using phase transfer catalysis. The question remains if a chiral, non-racemic quaternary 
ammonium salt could be effective in controlling the enantioselectivity. Asymmetric phase transfer 
catalysis has rarely been applied to intramolecular reactions, perhaps due to the difficulty in biasing 
the conformations of the internal electrophile.161 Nevertheless, three enantioselective 
intramolecular phase transfer catalyzed reactions have been reported. The first is an asymmetric 
intramolecular Michael addition reported by Bandini (Scheme 44).162 High enantioselectivity is 
obtained for a narrow class of substrates, and changes to the ester and amide substitution result in 
loss of selectivity. Changing to a pyrrole as the nucleophile is also less successful. The authors 
propose a hydrogen-bonding interaction between the hydroxyl group on the catalyst and the amide 
carbonyl.163 Protection the hydroxyl group or changes to the amide portion result in a loss of 
selectivity. Enantioselectivity is also significantly lower if the reaction is performed at a higher 
temperature (81:19 e.r. at 0 ºC).   
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Scheme 44 
 
 
 The Merck process group has reported two other applications of asymmetric phase transfer 
catalysis in the intramolecular asymmetric alkylation of carbon acids.164,165 The first example is 
the dialkylation of glycine imine ester 147 with 1,3-dibromobutene 148 to give enantioenriched 
cyclopropanated product 149 (Scheme 45).164 Despite a large survey of different Cinchona-derived 
catalysts, the best enantioselectivity observed was 89:11 e.r. 
 
Scheme 45 
 
 
 The same group recently reported the use of bis-quaternary ammonium salts as especially 
efficient phase transfer catalysts for the preparation of spiro-azaoxindole 151 (Scheme 46).165 Both 
the yield and enantioselectivity were significantly improved by changing to the di-quaternarized 
catalyst and the catalyst loading could be reduced to 0.3 mol % while still providing excellent 
enantioselectivity (97:3 e.r.). 
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Scheme 46 
 
 
3.2 Research Objectives 
 The design of this research project was intended to address the lack of general methods for 
an enantioselective [2,3]-Wittig rearrangement. The application of phase transfer catalysis in the 
area of sigmatropic rearrangements remains largely unexplored and the use of chiral catalysts were 
undescribed is unknown. Asymmetric phase transfer catalysis has been built upon the foundation 
of enolate formation and a natural extension that this mode of asymmetric catalysis may be 
applicable to a sigmatropic rearrangement that proceeds through an enolate anion. On the basis of 
this hypothesis the following goals were set for the research project: (1) identify an 
allyloxycarbonyl compound that undergoes selective [2,3]-Wittig rearrangement under PTC 
conditions (with minimal competitive [1,2]- or [3,3]-rearrangement), (2) test if rearrangement is 
dependent upon phase transfer agent (i.e. is catalysis possible), and (3) test chiral non-racemic 
quaternary ammonium salts as phase transfer catalysts for an enantioselective method. 
 
3.3 Results 
3.3.1 Optimization of Racemic Phase Transfer Catalyzed Rearrangements 
3.3.1.1 Acyclic Allyloxycarbonyl Substrates 
 Initial investigation into a phase transfer-catalyzed [2,3]-Wittig rearrangement targeted 
acyclic allyloxycarbonyl substrates. The first substrate tested was an allyloxy-derivative of 1-
phenyl-1-propanone 137 originally studied by Koreeda (Scheme 42).155 This substrate was chosen 
for initial investigation because (1) the aryl ketone should be well within the pKa range typical of 
phase transfer reactions and (2) the substitution at the α-position ensures the creation of a fully-
substituted stereocenter after rearrangement therefore removing the possibility of racemization. 
 A variety of phase transfer conditions were tested using this substrate as shown in Table 
16. When 42.5 wt % (10.8 M) aqueous KOH was used (entry 1), after 18 h approximately 50% 
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conversion of the starting material was observed, favoring [3,3]-rearrangement. Better conversion 
was observed when solid-liquid phase transfer conditions were employed (entries 2 and 3). When 
CsOH•H2O was used as an insoluble base, a complex mixture of products was obtained (entry 2). 
With solid KOH, [3,3]-rearrangement was still favored to [2,3]-rearrangement in a ratio of 70:30 
(entry 4). Prior to optimization of these conditions, the reaction was performed in the absence of 
catalyst (entry 5). Unfortunately, the background conversion for the solid-liquid conditions was 
quite high (20% conversion at 18 h). Such a substantial background rate would likely lead to 
problems rendering this method enantioselective, and due to the prevalence of the [3,3]-
rearrangement pathway, alternative substrates were explored. 
 
Table 16. Phase Transfer Catalyzed Rearrangement of Allyloxyphenyl Ketone.a 
 
Entry 
Catalyst 
Loading 
(mol %) 
Base 
Relative 
Conversion 
(%)b 
[2,3] : [3,3]b 
(39 : 26) 
1 10 
10.8 M aq. KOH  
(42.5 wt %) 
50 15 : 85 
2 10 CsOH·H2O (s) 100 complex mixture 
3 10 KOH (s) 100 30:70 
4 none KOH (s) 20 n.d. 
a
 Reactions performed on a 0.13 mmol scale. b Ratio determined by 1H NMR spectroscopic 
analysis of the crude reaction mixture. 
 
 Unsubstituted allyloxy ketone 153 was also tested under solid-liquid phase transfer 
conditions (Scheme 47). Due to the lack of substitution at the α-position, [3,3]-rearrangement 
would result in the formation of an aldehyde, potentially favoring the [2,3]-rearrangement. 
Unfortunately a complex mixture of products were observed. 
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Scheme 47 
 
 
 Next, allyoxy-tert-butyl ester substrate 154 was tested (Table 17). Regardless of solvent or 
PTC conditions, the crude mass recovery and relative conversion appeared to vary widely. In some 
cases, the crude recovery was as low as 50%. When allyloxyester 154 was allowed to react for an 
extended period of time (Scheme 48), full hydrolysis of the ester moiety was observed. Typically, 
tert-butyl esters are not base labile, so it is likely that due to the substitution pattern, ketene-
formation facilitates hydrolysis.166 Although rearrangement was observed, it was mostly likely 
occurring within the aqueous layer since the carboxylic acid is aqueous soluble and would not 
likely be catalyzed by a quaternary ammonium salt. 
 
Table 17. Phase Transfer Catalyzed Rearrangement of Allyloxy tert-Butyl Ester.a 
 
Entry Solvent Base 
Crude Mass 
Recovery 
(%)b 
1 PhCH3 10.8 M aq. KOH (42.5 wt %) 53 
2 CH2Cl2 10.8 M aq. KOH (42.5 wt %) 80 
3 TBME 10.8 M aq. KOH (42.5 wt %) 91 
4 PhCH3 KOH (s) 49 
5 CH2Cl2 KOH (s) 100 
6 TBME KOH (s) 53 
a
 Reactions performed on a 0.10 mmol scale. b Isolated mass after addition 
of distilled H2O, and extraction three times with EtOAc. c Ratio determined 
by 1H NMR spectroscopic analysis of the crude reaction mixture. 
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Scheme 48 
 
 
 Allyloxyamide substrate 159 was tested since it should be resistant to hydrolysis. 
Unfortunately exposure of this substrate to a variety of PTC conditions was largely unsuccessful 
(Table 4). In most cases, very little conversion of the starting material was observed. The highest 
conversion was observed using solid CsOH·H2O in TBME, however the new species observed 
was not the desired [2,3]-rearrangement product 161, but instead dicarbonyl compound 160. This 
did provide the first insight that exclusion of air is necessary to prevent competitive oxidation, as 
previously reported by Yamamoto.160 
 
Table 18. Phase Transfer Catalyzed Rearrangement of Allyloxy Pyrrolidino-Amide.a 
 
Entry Solvent Base 
Relative Conv. 
(%)b 
1 PhCH3 10.8 M aq. KOH (42.5 wt %) <5 
2 PhCH3 KOH (s) <5 
3 PhCH3 CsOH·H2O (s) <5 
4 CH2Cl2 CsOH·H2O (s) <5 
5 TBME CsOH·H2O (s) 13 
a Reactions performed on a 0.10 mmol scale. b Determined by 1H NMR spectroscopic 
analysis of the crude reaction mixture. 
 
3.3.1.2 Cyclic Allyloxycarbonyl Substrates 
3.3.1.2.1 Allyloxytetralone Rearrangement 
 Due to the problems of alternative reaction pathways when testing acyclic allyloxycarbonyl 
substrates, it was hypothesized that restricting conformations of the resultant enolate within a 
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cyclic system may favor productive [2,3]-rearrangement. Allyloxytetralone substrate 162 proved 
to be a successful substrate for development of a phase-transfer catalyzed [2,3]-rearangement 
(Table 19). When testing both solid-liquid and liquid-liquid PTC conditions, exclusive formation 
of the desired [2,3]-rearrangement product was observed. Full conversion of the starting material 
was observed very quickly in the case of solid-liquid PTC, however the rearrangement was 
independent of the quaternary ammonium salt (entries 1-6). Liquid-liquid PTC conditions using 
10.8 M aq. KOH (42.5 wt %) did show a dependence on phase-transfer agent. Full conversion was 
observed at rt in 1.5 h using 10 mol % of n-Bu4NBr (entry 7) while unreacted starting material was 
recovered in the absence of ammonium salt (entry 8). Performing the reaction at lower temperature 
(within a cold room, 3-5 ºC) increased the time needed for full conversion to 6 h (entry 9). The 
background rates were modest at extended reaction times (entries 10-11). Changing the base used 
to 50 wt % aq. NaOH greatly increased the background rate (entry 12). This substrate was explored 
further for the development of an enantioselective process because the [2,3]-rearrangement was 
dependent on phase-transfer agent under liquid-liquid PTC conditions and the background reaction 
was modest.   
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Table 19. Phase Transfer Catalyzed Rearrangement of Allyloxy-Tetralone.a 
 
Entry 
Catalyst 
Loading 
(mol %) 
Base 
Temperat
ure (ºC) 
Time 
(h) 
Relative 
Conversion 
(%)b 
1 10 KOH (s) rt 1.5 100 
2 none KOH (s) rt 1.5 100 
3 10 NaOH (s) rt 1.5 100 
4 none NaOH (s) rt 1.5 100 
5 10 CsOH·H2O (s) rt 1.5 100 
6 none CsOH·H2O (s) rt 1.5 100 
7 10 10.8 M aq. KOH (42.5 wt %) rt 1.5 100 
8 none 10.8 M aq. KOH (42.5 wt %) rt 1.5 0 
9 10 10.8 M aq. KOH (42.5 wt %) 3–5 6 100 
10 none 10.8 M aq. KOH (42.5 wt %) 3–5 24 11 
11 none 10.8 M aq. KOH (42.5 wt %) 3–5 44 19 
12 none 19.0 M aq. NaOH (50 wt %)c 3–5 6 75 
a
 Reactions performed on a 0.12 mmol scale. b Determined by 1H NMR spectroscopic analysis on the 
crude reaction mixture. c Purchased from Sigma-Aldrich, specifications include a variation of 48-52% 
by weight NaOH. 
 
3.3.1.2.2 Allyloxyoxindole Rearrangement 
 Isatin-derived allyloxy-oxindoles (164a-d) were also investigated as substrates due to their 
ease of preparation (Table 20). The concentration of base greatly impacted the rate of the 
background reaction. Reactions performed with 10.8 M aq. KOH (42.5 wt %) did not show a 
dependence on quaternary ammonium salt, regardless of temperature (entries 1-4). Decreasing the 
base concentration to 5 M aq. KOH in the reactions did show a dependence of phase transfer agent; 
full conversion was observed in 0.5 h in the presence of 10 mol % n-Bu4NBr (entry 5), with very 
little conversion of the background reaction even at extended reaction times (entries 6-7). Full 
conversion of the substrate was observed in the absence of catalyst at 24 h however (entry 8). The 
time necessary for full conversion increased when base concentration was lower to 2 M aq. KOH 
(entry 9) and solid-liquid PTC conditions again did not show any dependence on quaternary 
ammonium salt (entries 11 and 12). 
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Table 20. Phase Transfer Catalyzed Rearrangement of Allyloxy-Oxindole.a 
 
Entry R PG 
Catalyst 
Loading 
(mol %) 
Base 
Temperature 
(ºC) 
Time 
(h) 
Relative 
Conversion 
(%)b 
1 H Bn (164a) 10 10.8 M aq. KOH  rt 3 100 
2 H Bn (164a) none 10.8 M aq. KOH  rt 3 100 
3 H Bn (164a) 10 10.8 M aq. KOH  3–5 0.25 100 
4 H Bn (164a) none 10.8 M aq. KOH  3–5 0.25 100 
5 H Bn (164a) 10 5 M aq. KOH 3–5 0.5 100 
6 H  Bn (164a) none 5 M aq. KOH 3–5 0.5 0 
7 H Bn (164a) none 5 M aq. KOH 3–5 4 2 
8 H Bn (164a) none 5 M aq. KOH 3–5 24 100 
9 H Bn (164a) 10 2 M aq. KOH 3–5 8 100 
10 H Bn (164a) none 2 M aq. KOH 3–5 8 0 
11 H Bn (164a) 10 KOH (s) 3–5 0.5 100 
12 H Bn (164a) none KOH (s) 3–5 0.5 100 
13 Me Bn (164b) 10 5 M aq. KOH 3–5 0.5 100 
14 Me Bn (164b) none 5 M aq. KOH 3–5 0.5 0 
15 Me Bn (164b) none 5 M aq. KOH 3–5 3 4 
16 Me i-Pr (164c) 10 5 M aq. KOH 3–5 0.5 100 
17 Me  i-Pr (164c) none 5 M aq. KOH 3–5 0.5 0 
18 Me i-Pr (164c) none 5 M aq. KOH 3–5 3 0 
19 H Ts (164d) 10 5 M aq. KOH 3–5 1 100 
20 H Ts (164d) none 5 M aq. KOH 3–5 1 100 
a
 Reactions performed on a 0.09 mmol scale. b Determined by 1H NMR spectroscopic analysis of the crude reaction 
mixture. 
 
 Over the course of testing chiral catalysts (vide infra) alternative substrates were prepared 
and also tested under the standard reaction conditions (5 M aq. KOH/toluene, 3-5 ºC). The nitrogen 
protecting group and alkene portion were varied. Dimethyl substitution at the terminus of the 
alkene was well tolerated and this substrate showed similar reactivity to the unsubstituted 
compound (entries 13 and 14). Changing the N-protecting group to isopropyl also had little impact 
(entries 15 and 16), however the substrate containing the electron-poor 4-tosyl protecting group 
did not show a dependence on phase transfer agent (entries 19 and 20). 
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 Changing the oxygen substituent to (E)-cinnamyl introduces diastereoselectivity, a 
component which can provide insight into whether this rearrangement occurs in a concerted or 
stepwise manner. When cinnamyloxy-oxindole 166 was submitted to the standard PTC conditions, 
three new species were observed; both the syn- and anti-diastereomers of the desired [2,3]-
rearrangement (168a and 168b, respectively) and an additional allylated oxindole 167 that appears 
to arise from a formal [1,2]-type rearrangement (Table 21). Base concentration appeared to have 
an impact on both the background rate as well as the formation of the [1,2]-type side product. At 
higher base concentration (5 M), the observed background rates were competitive to that of the 
reactions containing n-Bu4NBr (entries 1-8). The only exception was in the case of 5 M NaOH 
that showed 15% conversion in the absence of phase transfer agent after 15 min (entry 6). The 
background rates were significantly diminished at lower base concentration (2 M) regardless of 
counterion (entries 9-14). The product arising from formal [1,2]-rearrangement formed only in 
reactions using the higher (5 M) base concentration and was formed in the highest amount in entry 
1, when a catalyst was present and the reaction time was extended to 1 h. In all cases, the 
diastereoselectivity of the reaction was low (ca. 2:1) and did not change significantly upon changes 
in base concentration or counterion.  
 The observation that the [1,2]-rearrangement product appears in higher quantities at 
extended reaction times may indicate that this side product is formed from the desired [2,3]-
product. To test this hypothesis, isolated syn-[2,3]-product 168a was resubmitted to the reaction 
conditions in the presence of catalyst. Indeed it was observed that all three products were formed 
from a single diastereomer of the product (Scheme 49). In light of this result, the ratios reported in 
Table 7 using 5 M aqueous base likely do not indicate a kinetically controlled reaction, but are 
instead influenced by the thermodynamic interconversion of the products under the reaction 
condition. Similar tests resubmitting the product to lower base concentration (2 M) did not show 
evidence of new product formation. 
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Table 21. Phase Transfer Catalyzed Rearrangement of Cinnamyloxy-Oxindole.a 
 
Entry 
Catalyst 
Loading 
(mol %) 
Base 
(aq.) 
Time 
(h) 
Relative 
Conversion 
(%)b 
[2,3] : [1,2] 
(41 + 42a : 42b)b 
d.r. 
syn : anti 
(42a : 42b)b 
1 10 5 M KOH  1 100 1.4 : 1 1 : 1.2 
2 none 5 M KOH 1 100 11  : 1 2 : 1 
3 10 5 M KOH 0.25 100 10 : 1 1 : 1.2 
4 none 5 M KOH 0.25 100 - 2 : 1 
5 10 5 M NaOH 0.25 100 37 :1 1.4 : 1 
6 none 5 M NaOH 0.25 15 - 2.6 : 1 
7 10 5 M CsOH 0.25 100 9 : 1 1.4 : 1 
8 none 5 M CsOH 0.25 100 - 1.6 : 1 
9 10 2 M KOH 0.5 100 1 :0 1.7 : 1 
10 none 2 M KOH 0.5 <1 - - 
11 10 2 M NaOH 0.5 100 1 : 0 1.7 : 1 
12 none  2 M NaOH 0.5 2 - - 
13 10 2 M CsOH 0.5 100 1 : 0 1.7 : 1 
14 none 2 M CsOH 0.5 <1% 1 : 0 1.7 :1 
a
 Reactions performed on a 0.07 mmol scale. b Determined by 1H NMR spectroscopic analysis of the 
crude reaction mixture. 
 
Scheme 49 
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3.3.2 Substrate Synthesis 
 A major roadblock to advancing this research has been in the synthesis of rearrangement 
precursors. Due to their ease of rearrangement at high temperatures and under basic conditions, 
typical methods of synthesis have been problematic. Accordingly, a brief discussion on the 
different approaches to substrate synthesis is provided below. 
3.3.2.1 Direct Allylation of α-Hydroxy Carbonyl Compounds 
 The simplest disconnection for the synthesis of allyloxy carbonyl compounds is the direct 
allylation of α-hydroxy carbonyl compounds. This approach is best exemplified by the synthesis 
of allyloxy pyrrolidinoamide 33 shown in Scheme 21. Activation of mandelic acid (169) with 
benzotriazole, followed by nucleophilic capture with pyrrolidine yielded α-hydroxyamide 170.167 
Stoichiometric deprotonation of the hydroxyl group using NaH followed by addition of allyl 
bromide yielded allyloxyamide 159 in high yield.168 
Scheme 50 
 
 The same allylation process when applied to the synthesis of allyloxy ester 154 was less 
successful (Scheme 51). Formation of the α-hydroxy tert-butyl ester 172 could be achieved easily 
from protected mandelic acid 171 in two high yielding steps. Unfortunately, the basic allylation 
conditions employed previously resulted in a significant amount of competitive [2,3]-
rearrangement under the reaction conditions, resulting in an isolated yield of only 35% the desired 
product. 
Scheme 51 
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 Allylation has been achieved under neutral conditions by activation with Ag2O.
169 When 
this approach was tested (Scheme 52) the yield was poor. Although no [2,3]-rearrangement was 
observed under these conditions, full conversion was not achieved after 48 h and purification was 
hindered by the formation of other unidentified side products. Because tert-butyl ester 154 was 
prone to hydrolysis under PTC conditions, further optimization of this synthesis was not pursued. 
 
Scheme 52 
 
 
 Due to the fact that allyloxy ketone substrates should be more acidic than the tert-butyl 
ester previously synthesized, only neutral or acidic allylation conditions were attempted on α-
hydroxy tetralone 175. Oxidation of α-tetralone (173) to the corresponding hydroxyl ketone 175 
was performed by formation of silyl enol ether 174, followed by epoxidation using m-
chloroperoxybenzoic acid (MCPBA), followed by desilylation-ring opening to give 47 in a modest 
41% yield (Scheme 53).170 
 
Scheme 53 
 
 
 Upon testing other conditions, the best yield of the 2-hydroxytetralone was achieved in one 
step by using iodosobenzene diacetate in the presence of potassium hydroxide (Scheme 25).47 
Similar to the previous case, all attempts to use a combination of Ag2O and allyl bromide led to 
decomposition of α-hydroxyketone 175. Screening of allylation conditions using 
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allyltrichloroacetimidate under acidic conditions resulted in decomposition as well.171 The best 
isolated yield obtained was 38% using TfOH as shown in Scheme 54. 
 
Scheme 54 
 
 
 A direct allylation approach was briefly explored for the preparation of oxindole substrate 
164a (Scheme 55). Reduction of N-benzyl isatin (176) can be accomplished very easily using 
NaBH4, however the instability of α-hydroxy amide 177 was problematic during isolation. In the 
presence of air, intermediate 177 undergoes rapid dimerization to the more stable indigo-type 
analog resulting in diminished yields. This yield could likely be increased by workup under inert 
conditions. Unfortunately all attempts to allylate 177 were unsuccessful. Basic allylation 
conditions showed that [2,3]-rearrangement occurred faster than nucleophilic displacement, and 
intermediate allyloxyindole 164a was not observed. Neutral allylation conditions using Ag2O 
either suffered from poor conversion or decomposition. This approach was not explored further. 
 
Scheme 55 
 
 
3.3.2.2  Nucleophilic Displacement of α-Halo Ketones 
 An alternative disconnection was also envisioned through the nucleophilic displacement of 
α-halo ketones (Scheme 56). Preparation of α-bromo tetralone 178 was easily done using CuBr2 
in refluxing methanol.172 Unfortunately, all attempts to displace the bromine with allyl alcohol 
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under basic, acidic, and neutral conditions were unsuccessful. Under conditions that did appear to 
lead to reaction, competitive elimination of the bromide seemed to be an issue, leading to a variety 
of decomposition products. This complicating factor, coupled with the fact that α-bromoketone 
178 is a severe irritant, made this approach less than ideal. 
 
Scheme 56 
 
 
3.3.2.3 Diazo O-H Insertion 
 Ultimately the most reliable method for the synthesis of allyloxy carbonyl substrates was 
OH-insertion into an α-diazo carbonyl compound. Insertion of heteroatom nucleophiles into diazo 
compounds can be accelerated by a variety of catalysts, including Lewis acids and various 
transitions metals (typically Cu and Rh).173 Although metal catalysts are most commonly reported, 
Rh also promotes the rearrangement of some allyloxy substrates and is not suitable for certain 
classes of compounds.159  
 Synthesis of α-diazo ketones followed the preparation as reported by Danheiser (Scheme 
57).174 Diazo formation is effected first by formation of the 1,3-trifluoromethyldiketone 180, 
followed by diazo transfer from commercially available N-acetyl phenylsulfonyl azide to give 
diazo ketone 181 in moderate to high yield. This reaction is shown for acetophenone (179) in 
Scheme 57, but was used reliably for other substituted ketones as well. 
 
Scheme 57 
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 In view of previous reports that allyloxy ketones can be prone to rearrangement under Rh-
catalysis, Lewis acid catalysts were used for the OH-insertion of α-diazo ketone substrates 
(Scheme 58). For unsubstituted diazo compound 181 OH-insertion occurs in the presence of a 
catalytic amount of BF3·OEt2, to give allyloxyketone 153 in high yield.
175 Unfortunately, attempts 
to functionalize the α-position after the allyloxy group was installed were unsuccessful. 
 
Scheme 58 
 
 
 Engaging ketones containing α-substitution such has 1-phenyl-1-propanone (54) does not 
impact the yield in the diazo transfer reaction (Scheme 59).174 Unfortunately, OH-insertion is 
problematic with α-substituted diazo substrates. Increasing the catalyst loading to 9 mol % allowed 
for only a 41% yield of the desired allyloxy ketone 137. Full conversion of the diazo compound 
was observed, however the many side products that were also produced posed a problem for 
purification. 
 
Scheme 59 
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 This same reaction sequence was also applied to the synthesis of the tetralone substrate 36 
that was initially chosen for optimization and screening (Scheme 60). The diazo transfer reaction 
proceeded uneventfully to provide 2-diazotetralone (187) in high yield but again, OH-insertion 
was problematic. After extensive optimization, it was determined that the best yield (only 42%) 
could be obtained only at lower temperature (–10 ºC) and using allyl alcohol as the solvent. 
Purification was difficult due to competitive decomposition of the starting diazo substrate.  
 
Scheme 60 
 
 
 An alternative reaction sequence was used to prepare α-diazo oxindole 190 (Scheme 61). 
As reported by Carriera,176 the nitrogen atom of isatin (188) was first protected, followed by N-
tosyl hydrazone formation, and subsequent elimination to give 3-diazo oxindole 190 in excellent 
yields. This reaction sequence was not only high yielding, but much more amenable to large scale 
preparation than the diazo transfer methods used above. 
 
Scheme 61 
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 Rhodium-catalyzed OH-insertion had been previously reported for oxindole substrates 
using saturated alcohols.177a It was unclear at the outset if [2,3]-rearrangement would be promoted 
by metal catalysts if allyl alcohol was used. Optimization of the OH-insertion reactions for a 
variety of oxindole substrates is outlined in Table 22. The parent substrate (N-Bn-O-allyl, 164a) 
did not show any [2,3]-rearrangement when Rh2(OAc)4 was used as a catalyst (entry 1). The 
desired allyloxy oxindole 164a was obtained in modest yield (41%) even though full conversion 
of the diazo starting material was observed. The mass balance was a variety of diazo decomposition 
products that were highly colored, and it was hypothesized that perhaps dimerization of the diazo 
substrate was occurring. Indeed, when slow addition of the diazo substrate (using a syringe pump) 
was performed, an increase in yield was observed and the difficult to remove colored byproducts 
were no longer present (entry 2). The yield was still moderate (67%) due to competitive C-H 
insertion at the allylic position, however this side product could be easily removed by silica gel 
column chromatography. Performing the reaction at a lower temperature (0 ºC) resulted in 
diminished yield (entry 3) and BF3·OEt2 was a poor catalyst for this reaction (entry 4). The best 
yield was obtained using In(OTf)3 as the catalyst (entry 4) which did not promote C-H insertion 
and provided the desired product in an 83% yield.177b 
The use of cinnamyl alcohol (182, R1 = Ph)  as the nucleophile in the presence Rh2(OAc)4 
as the catalyst resulted in a variety of side products due to C-H insertion as well as desired substrate 
166 (entry 6). Nevertheless 39% yield of 166 was obtained, providing enough material for initial 
testing. The OH-insertion using cinnamyl alcohol was attempted using a Cu-Tp catalyst that was 
previously reported to show no C-H insertion reactivity,177c however in our case no reaction was 
observed (entry 7). The best yields were obtained for the OH-insertion of prenyl alcohol resulting 
in a 98% and 91% yield of the N-Bn (164b) and N-i-Pr (164c) analogs respectively (entries 8 and 
9). Poor yield was obtained when the N-protecting group was changed to 4-Ts for substrate 164d 
(entry 10), however this was not optimized since initial testing of this substrate under PTC 
conditions was unsuccessful. 
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Table 22. OH-Insertion of 3-Diazo-2-oxindoles.a 
 
Entry R1 R2 PG 
catalyst 
(mol %) 
equiv. of 
alcohol 
x 
conditions 
yield 
(%)b 
1 H H Bn (164a) Rh2(OAc)4 (1) 2.0 - 41 
2 H H Bn (164a) Rh2(OAc)4 (1) 2.0 
slow addition of 
182 
67c 
3d H H Bn (164a) Rh2(OAc)4 (1) 2.0 
slow addition of 
60 
31 
4 H H  Bn (164a) BF3·OEt2 (20) 2.0 
slow addition of 
60 
26 
5 H H Bn (164a) In(OTf)3 (10) 2.0 
slow addition of 
60 
83 
6 Ph H Bn (166) Rh2(OAc)4 (1) 2.2 
slow addition of 
60 
39e 
7 Ph H Bn (166) 
Tp(PhCMe2)Cu 
(5) 
2.0 
slow addition of 
60 
N.R. 
8 Me Me Bn (164b) Rh2(OAc)4 (1) 2.0 
slow addition of 
60 
98 
9 Me Me i-Pr (164c) Rh2(OAc)4 (1) 1.3 
slow addition of 
60 
91 
10 H H Ts (164d) Rh2(OAc)4 (1) 2.0 
slow addition of 
60 
15f 
a Reactions performed on a minimum of a 0.8 mmol scale of x. b Yields of isolated material. cDiminished 
yield due to competitive C-H insertion reaction promoted by Rh. d Reaction performed at 0 ºC. e 
Diminished yield due to competitive [2,3]-rearrangement under the reaction conditions. f Unoptimized 
yield. 
 
3.3.3 Survey of Chiral Catalysts (2-Allyloxytetralone Rearrangement) 
 With viable synthetic sequences for the preparation of both the 2-allyloxy-tetralone (36) 
and 3-allyloxy-2-oxindole substrates (38), chiral quaternary ammonium catalysts were tested for 
enantioselection. Initial investigation focused on the tetralone-based substrate and these results 
will be presented first. 
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3.3.3.1  Cinchona Library 
 A variety of Cinchona-derived chiral quaternary ammonium salts were prepared and tested 
in the rearrangement of allyloxytetralone substrate 162. The results of this survey are provided in 
Table 23. The following observations can be made after the initial survey. The reactions promoted 
by Cinchona-derived catalysts were significantly slower than the reaction catalyzed by the achiral 
catalyst tetrabutylammonium bromide. The reaction was complete in 6 h when catalyzed by n-
Bu4NBr (10 mol %), whereas full conversion of the starting material was not observed even after 
44 h in the presence of the Cinchona catalysts. Initially, the impact of R1 substitution on the C(9)-
hydroxyl group was investigated. In the series of catalysts bearing N-1-naphthylmethyl 
substitution modest stereoselection was obtained for the OH and the OMe substituted catalysts 
(entries 1 and 2), but this level of asymmetric induction appeared to be diminished by larger O-
substitution (entries 3 and 4).  This trend was also apparent in the series of catalysts bearing the N-
3,5-bis(trifluromethyl)benzyl substituent (entries 5-8), however in this case only the catalyst 
bearing a free hydroxyl group was selective. These observations indicated that the free hydroxyl 
group may be necessary for high levels of selectivity.  
Conversion varied significantly depending on the catalyst, however no trends based on R1 or R2 
substitution are apparent. Some catalysts (entry 14 and 17) appeared to give conversion similar to 
that in the absence of catalyst (entry 19), although surprisingly enantioenriched product was still 
obtained.  The highest levels of enantioselectivity reach was approximately 75:25 e.r. (entries 1, 
5, 10, 11, and 18). At this point in the investigation, the lack of conversion of the starting material 
was problematic, since presumably a racemic background rate could be competitive thus lowering 
the observed enantioselectivity.  
  
89 
 
Table 23. Survey of Cinchona-Derived Quaternary Ammonium Phase Transfer Catalysts. 
 
Entry 
Catalyst Time 
(h) 
Relative 
Conversion (%)b 
e.r.c 
 R1 R2 
1 191a OH 
 
42 65 73:27 
2 191b OMe 42 67 72:28 
3 191c OBn 42 67 57:43 
4 191d OCH2CH=CH2 42 57 56:44 
5 191e OH 
 
42 32 75:25 
6 191f OMe 42 48 54:46 
7 191g OBn 42 52 49:51 
8 191h OCH2CH=CH2 42 44 52:48 
9 191i OH 
 
42 78 72:28 
10 191j OH 
 
42 50 72:28 
11 191k epi-OH 42 40 73:27 
12 191l OH 
 
24 14 66:34 
13 191m OH 
 
24 36 63:37 
14 191n OH 
 
24 46 56:44 
15 191o OH 
 
24 34 64:36 
16 191p OH 
 
24 82 57:43 
17 191q OH 
 
24 14 63:37 
18 191r OH 
 
24 47 77:23 
19d - - - 24 11 - 
20d - - - 42 19 - 
a Reactions performed on a 0.12 mmol scale and employed 0.10 equiv. of APTC x, 17.8 equiv. of 
aq. KOH at 0.16 M in toluene at 3-5 ºC. b Determined by integration in crude 1H NMR spectroscopic 
analysis. c Determined by CSP-SFC analysis in the crude reaction mixture. dReactions performed in 
the absence of catalyst. 
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3.3.3.2 Miscellaneous Catalysts 
 Alternative catalyst scaffolds were surveyed to compare the enantioselectivity and 
conversion to the Cinchona-derived catalysts (Table 23).  The cyclopentapyrrolizidine catalysts 
192a-c (first row, Table 24) developed within these laboratories34 resulted in very little 
enantioselectivity. Two of the catalysts (192a,b) showed similarly low conversion after 24 h (37% 
and 22%), however catalyst 192c containing higher alkyl-substitution (i-Pr, O-n-hexyl) did give 
higher levels of conversion (76%). This may indicate that increased lipophilicity of the catalyst 
can lead to increased conversion. This trend appears to be supported by the high levels of 
conversion at just 6 h observed for both the Maruoka-type catalyst 193 and the phenyl-propellane 
catalyst 194,178 which are significantly more lipophilic (second row, Table 24). Unfortunately, 
racemic [2,3]-product was observed in both cases.  
Table 24. Survey of Other Quaternary Ammonium Phase Transfer Catalyst Scaffolds.a,b 
 
 
 
a Reactions performed on a 0.12 mmol scale with 0.10 equiv. of APTC, 17.8 equiv. of KOH at [0.16 M] in toluene 
at 3-5 ºC. b Percentages represent relative conversion as determined by GC. Enantiomeric ratios were determined 
using CSP-SFC. 
  
91 
 
3.3.4 Mechanistic Investigation of 2-Allyloxytetralone Rearrangement 
 Of the catalyst scaffolds tested, only the Cinchona-derived catalysts showed appreciable 
enantioselection. If this method were to be of synthetic use, both the conversion and 
enantioselectivity needed to be improved. A variety of tests were performed to gain of mechanistic 
insights to determine why poor conversion was observed and what factors impacted 
enantioselectivity. 
3.3.4.1 Time Dependence of Enantioselectivity 
 The background conversion measured for the [2,3]-rearrangement of 2-allyloxytetralone 
substrate 162 was quite high (11% at 24 h) in comparison to the conversion observed in the 
presence of Cinchona based catalysts. If this level of background rate is operative in the presence 
of chiral catalyst, it is possible that enantioselectivity should diminish over time as the background 
rate begins to compete with the catalyzed rate. To test if the modest enantioenrichment observed 
was due to a competing racemic background reaction, the enantioselectivity for two different 
catalysts were tested monitored over the course of the reaction (Table 25). Interestingly, the 
measured e.r. did not change significantly over time. Even early in the reaction (1 h) at low 
conversions (just 6%) the e.r. observed was not greater than 75:25 (entries 1 and 5). The conversion 
measured at 1 h in the absence of catalyst is negligible, meaning that this level of selectivity is 
intrinsic to the catalyzed reaction. Also somewhat surprising was the fact that the e.r. did not 
diminish significantly even in the case of a catalyst with poor overall conversion at 24 h (entries 
5-8). This may indicate that measurement of conversion in the absence of catalyst is not 
representative of the non-catalyzed reaction when quaternary ammonium salt is present. 
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Table 25. Measurement of e.r. Over Time.  
 
Entry R4NX 
Time  
(h) 
Relative 
Conversion (%)b 
e.r. c 
1 
 
1 6 76:24 
2 2 9 72:28 
3 10 44 74:26 
4 24 75 70:30 
5 
 
1 9 71:29 
6 2 9 73:27 
7 10 12 67:33 
8 24 17 68:32 
a Reactions performed on a 0.12 mmol scale with 17.8 equiv. of KOH at [0.16 M] 
in toluene. b Determined by GC analysis. c Determined by CSP-SFC analysis. 
 
3.3.4.2 Test for Racemization and Autocatalysis 
 For the e.r. observed to be representative of the chiral catalyst employed, racemization of 
the product cannot occur under the reaction conditions. Although it is unlikely that the 
rearrangement is reversible, racemization was tested for as shown in Scheme 62. When 
enantioenriched hydroxytetralone 163 was resubmitted to the reaction conditions in the presence 
of an achiral catalyst (TBAB) no change in e.r. was observed after 24 h. This result indicated that 
the rearrangement is likely irreversible and racemization is not playing a role in the moderal levels 
enantioselectivity observed. 
 
Scheme 62 
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 It was also hypothesized that if the conjugate base of the α-hydroxy tetralone product 163 
could act as a catalyst by enolizing the starting ketone, this may have an impact on the observed 
enantioselectivity. The possibility of autocatalysis was tested by submitting 2-allyloxytetralone 
162 to the reaction conditions in the presence of added product (30 mol %) as shown in Scheme 
63. After 24 h, less than 5% conversion was observed indicating that the product is likely not able 
to catalyze its own formation. The low levels of conversion observed are likely due to an 
uncatalyzed background reaction, and interestingly is less conversion than is observed in the 
absence of added product (11% at 24 h). If anything, it appears that additional product may inhibit 
the reaction. 
 
Scheme 63 
 
 
3.3.4.3 Effect of Catalyst Loading on Conversion and Enantioselectivity 
 The poor conversion in the rearrangement of 2-allyloxytetralone could arise from one of 
two reasons, either the catalyst is deactivated in some way under the reaction conditions or the 
catalytic turnover is just very slow. If the reaction rate is merely slow, then an increased catalyst 
loading should favor higher levels of conversion. The impact of catalyst loading on reaction 
conversion was tested and the results are provided in Table 26. When the reaction was performed 
using 10 mol %, 20 mol %, and 40 mol % catalyst the same level of conversion was observed. 
Additionally, the observed e.r. was not improved by higher loading of catalyst.  
 The consistent conversion in the presence of higher loadings of catalyst can be clearly seen 
when shown in graphical form (Figure 13). This lack of conversion is likely due to some sort of 
deactivation of the catalyst under the reaction conditions, either by decomposition or product 
inhibition preventing release of the catalyst. Since these types of Cinchona catalyst have been used 
successfully under similar PTC conditions without decomposition, it likely has something to do 
with the particular substrate or reaction. 
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Table 26. Impact of Catalyst Loading on Reaction Conversion and Enantioselectivity. a 
 
Entry Catalyst Loading 
(mol %) 
Time 
(h) 
Relative Conversion 
(%)b 
e.r.c 
1 10 3 5  
2 10 6 7  
3 10 13 12  
4 10 24 32 56:44 
5 20 3 6  
6 20 6 8  
7 20 13 13  
8 20 24 25 56:44 
9 40 3 14  
10 40 6 14  
11 40 13 15  
12 40 24 23 59:41 
a Reactions performed on a 0.12 mmol scale with 17.8 equiv. of KOH at [0.16 M] in toluene. b 
Determine by GC analysis. c Determined by CSP-SFC analysis. 
 
 
 
 
Figure 13. Impact of catalyst loading on relative conversion. 
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3.3.4.4 Impact of Catalyst on Conversion 
 As previously observed in the testing of alternative catalyst scaffolds, the structure of the 
catalyst can have a large effect on the observed conversion. The effect of lipophilicity is apparent 
when testing a series of tetraalkylammonium bromide salts, as shown in Figure 14. As lipophilicity 
of the catalyst increases, so does the conversion (TEAB<TPAB<TBAB=TOAB). This type of rate 
dependence is not uncommon for PTC reactions operating under a transfer-rate limiting regime.39  
 
 
  
Figure 14. Impact of tetraalkylammonium chain length on conversion. 
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(“Cat. B”), was monitored over time. The relative conversion was measured by GC in the presence 
and absence of additional product and the results were striking (Figure 15). Regardless of catalyst, 
the reactions did not achieve full conversion after 24 h, and conversion did not appear to increase 
after 6 h. The reaction containing only catalyst and no additional product (blue line) showed the 
highest levels of conversion. Interestingly Cat. A with the free hydroxyl group showed 
approximately 20% higher conversion than Cat. B, which would be unexpected if the free hydroxyl 
group is key to catalyst inhibition. Both catalyzed reactions showed diminished conversion in the 
presence of added product (20 mol %, red line) indicating that product inhibition of catalytic 
turnover does appear to be occurring. Interestingly, adding more product in the absence of catalyst 
also appears to diminish conversion (green line versus purple line). It is unclear if added product 
is inhibiting the reaction by interacting with the catalyst directly, or merely by changing the 
interfacial dynamics in a way to disrupt the phase-transfer equilibria. Either way, at levels of higher 
conversion as the amount of product increases this effect is increased essentially halting the 
catalyzed reaction. 
 
 
Figure 15. Measurement of conversion over time in the presence and absence of added product.  
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 The observation of product inhibition was quite problematic for the continuation of this 
research project. The only catalyst scaffold to show appreciable levels of enantioselectivity 
(Cinchona-based catalyst) appear to be heavily impacted by product inhibition. At this stage, the 
choices were to optimize a different catalyst scaffold that has not demonstrated any 
enantioselectivity or to change to a different substrate. Investigating a new substrate was chosen 
as it involved less synthetic overhead. The preparation of the other catalyst scaffolds shown in 
Table 12 typically require more than ten linear synthetic steps. To optimize a nearly racemic hit 
would likely require the synthesis of large catalyst library, making this avenue time prohibitive. 
 
3.3.5 Survey of Chiral Catalysts (3-Allyloxy-2-oxindole Rearrangement) 
 Initial survey of the catalysts previously tested with the 2-allyloxytetralone indicated that 
the 3-allyloxy2-oxindole substrate did not suffer from product inhibition. Because of the ease of 
synthesis of the rearrangement precursor and the more regular conversion profile, future 
development of a phase transfer catalyzed [2,3]-rearrangement method was focused on this 
substrate class. 
3.3.5.1 Empirical Survey of Chiral Catalysts 
 An empirical survey of catalysts previously prepared for testing with 2-allyloxytetralone 
was performed to see if any insight into a more selective catalyst could be gained (Table 27). A 
variety of catalysts containing the free hydroxyl group (R1=H) generally showed only moderate 
levels of enantioselectivity (entries 1-12). Alkylation of the C(-9) oxygen with a benzyl group 
showed a slightly wider range of selectivities and in some cases favored the opposite enantiomer 
(entries 18 and 19). No enantioselectivity was observed above 70:30. Maruoka-type catalyst was 
also unselective and favored the other enantiomer (entry 20). 
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Table 27. Empirical Survey of Cinchona-Derived Catalysts with Oxindole Substrates. 
 
Entry 
           Catalyst Yield 
(%)b 
e.r.c 
R1 R2 
1 191i H 
 
100 60:40 
2 191a H 
 
78 54:46 
3 191j H 
 
100 61:39 
4 191t H 
 
88 50:50 
5 191p H 
 
56 65:35 
6 191e H 
 
98 53:47 
7 191q H 
 
65 65:35 
8 191r H 
 
38 61:39 
9 191m H 
 
85 54:46 
10 191o H 
 
81 57:43 
11 191u H 
 
82 52:48 
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Table 27. Empirical Survey of Cinchona-Derived Catalysts with Oxindole Substrates (Cont.) 
12 191v H 
 
75 60:40 
13 191f Me 
 
100 54:46 
14 191w Bn 
 
97 56:44 
15 191x Bn 
 
96 68:32 
16 191y Bn 
 
70 50:50 
17 191z Bn 
 
89 64:36 
18 191aa Bn 
 
97 36:64 
19 191bb Bn 
 
92 44:56 
20 191cc Bn 
 
85 56:44 
21 193 
 
88 42:58 
a Reactions performed on a 0.09 mmol scale with 10.0 equiv. of KOH at [0.16 M] in 
toluene. b Determined by crude 1H NMR integration relative to an hexamethyldisilane 
as an internal standard. c Determined by CSP-SFC. 
 
3.3.5.2 Empirical Survey of Chiral Bisquaterary Ammonium Salts 
 The Merck process group has reported success in the development of enantioselective, 
intramolecular PTC reactions by using bisquaternary ammonium salts.37 Although the exact role 
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of the dicationic catalyst is unclear, the superior selectivity in intramolecular reactions for these 
catalysts is evident. Following this precedent, a library of bisquaternary ammonium salts with 
symmetrical substitution was prepared. These catalysts were then tested in the PTC [2,3]-
rearrangement of allyoxy-oxindole substrates (Table 28). In some cases, enantioselectivity as high 
as 75:25 e.r. was observed (entries 3, 9, 10, 17, 28). Again, the overall range of enantioselectivity 
was narrow and most catalysts appeared to give approximately 70:30 e.r. No trend was identified 
based upon substitution of the substrate or substitution on the benzyl groups of the catalyst. In 
view of the narrow range of enantioselectivity observed, further spotting of trends would be 
speculative at best.  
 
Table 28. Screening of bis-Quaternary Ammonium Salts in the [2,3]-Rearrangement of Oxindole 
Substrates.a 
 
Entry R PG Catalyst (Ar) e.r.b 
1 H Bn 195a 
 
71:29 
2 Me Bn 195a 70:30 
3 H Bn 195b 
 
75:25 
4 Me Bn 195b 70:30 
5 Me i-Pr 195b 59:41 
6 Me Bn 195c 
 
69:31 
7 Me Bn 195d 
 
69:31 
8 Me i-Pr 195e 68:32 
9 Me Bn 195f 
 
74:26 
10 Me i-Pr 195f 74:26 
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Table 28. Screening of bis-Quaternary Ammonium Salts in the [2,3]-Rearrangement of Oxindole 
Substrates (Cont.).a 
 
11 Me Bn 195g 
 
68:32 
12 Me Bn 195h 
 
66:34 
13 H Bn 195i 
 
69:31 
14 Me Bn 195i 69:31 
15 H Bn 195j 
 
71:29 
16 Me Bn 195j 68:32 
17 H Bn 195k 
 
74:26 
18 Me Bn 195k 69:31 
19 H Bn 195l 
 
71:29 
20 Me Bn 195l 68:32 
21 H Bn 195m 
 
69:31 
22 Me Bn 195m 68:32 
23 Me i-Pr 195m 64:36 
24 H Bn 195n 
 
58:42 
25 Me i-Pr 195n 65:35 
26 H Bn 195o 
 
57:43 
27 Me i-Pr 195p 
 
50:50 
 
28 Me i-Pr 195q 
 
 
74:26 
a Reactions performed on a 0.09 mmol scale with 10 equiv. of KOH at [0.16 M] in 
toluene. b Determined by CSP-HPLC. 
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3.3.5.3 Chiral Catalyst Survey Based Upon a Computational Diversity Analysis 
 The initial survey of chiral catalysts did not lead to any usable trends by which to improve 
the observed enantioselectivity. The modest enantioselectivity observed could be a consequence 
of a lack of diversity within the set of catalysts tested. An alternative approach to surveying chiral 
catalysts could take advantage of use of computational statistical methods. The correlation catalyst 
structure to observed enantioselectivity through QSAR modeling has been of ongoing interest in 
these laboratories.34 The enantioselective [2,3]-rearrangement of 3-allyloxy oxindole presented an 
ideal case on which to apply our computational strategies. The proposed strategy was to use 
computational methods to select catalysts that are most different from each other in terms of steric 
and electronic properties. The reason of this approach was twofold: first to increase the likelihood 
of a highly selective catalyst in the first round of screening and second, to test different enough 
catalysts in order to enable a QSAR model to identify the key features needed for high 
enantioselectivity. 
3.3.5.3.1 Catalyst Selection for Diversity Analysis 
 The initial catalyst selection process focused on the N-alkylated derivatives of cinchonidine 
keeping the hydroxyl group free. This decision was informed by a short empirical survey of 
catalysts in the [2,3]-rearrangement of allyloxy oxindole that showed diminished e.r. with O-
alkylated catalysts. This decision also had the benefit of reducing the number of possible catalysts 
required for computational analysis. A general overview of the catalyst selection process is 
outlined in Figure 16. A library of catalysts were built in silico based upon 180 commercially 
available benzyl bromides available in the Sigma-Aldrich catalog. Each catalyst was described in 
the computer as a series of grid points, where each location in space around the catalyst contains 
both a steric and electronic value. These values are combined through principle component 
analysis to define a unique location within a chemical space for the catalyst. After this analysis 
was done for each catalyst, individual points within that chemical space can be chosen using 
statistical methods (Kenard-Stone algorithm) to ensure the selected catalysts cover as much area 
of the chemical space as possible. The initial selection of points will represent a starting catalyst 
library for testing in the [2,3]-rearrangement, which can be used to later correlate areas of chemical 
space to a particular range of enantioselectivities. The exact computational methods and library 
selection was performed in collaboration with Jeremy Henle and is beyond the scope of this 
discussion.  
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Figure 16. Process for catalyst selection using 3-D chemical descriptors. 
 The catalyst selection process can be shown in a 2-dimensional 
 principle component plot as shown in Figure 17. Each point of the graph is representative of one 
catalyst, with the entire 180-member library shown on the left. By selecting points most separated 
from each other, 15 catalysts were chosen for initial screening (Figure 17, right). 
 
 
Figure 17. Catalyst selection through principle component analysis. 
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 The initial diverse set of catalysts is shown in Figure 18. These catalysts were targeted for 
synthesis and testing in the [2,3]-rearrangement of allyloxy-oxindole substrates. Many of the 
selected catalysts could be easily prepared by N-alkylation of cinchonidine with commercially 
available benzyl bromides. A few of the benzyl bromides (196e and 196k) required short 
syntheses. Certain functional groups were predicted to be incompatible for PTC conditions. For 
example, the 9-H-fluorenyl benzyl bromide 196l will likely be deprotonated at the 9-position, so 
instead a 9,9-dimethylfluorenyl derivative (196l’) was targeted. Similarly, the acidity of amino 
phenol 196m would likely be problematic, so these two functionalities were masked as the 
corresponding oxazole derivative (196m’). Isoquinoline-derived benzyl bromide 196n is described 
in the literature as its hydrogen bromide salt, however all attempts to alkylate cinchonidine with 
this reagent were unsuccessful. 2,4,6-Tri-tert-butyl benzyl bromide is far too hindered to undergo 
alkylation with a tertiary amine. Ultimately, catalysts 196n and 196o were not tested since they 
were not able to be synthesized.  
 
 
 
 
Figure 18. Diverse subset of Cinchona catalysts selected by computational methods. 
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3.3.5.3.2 Preparation of the Catalyst Library 
 The library of quaternary ammonium salts were prepared in one step from cinchonidine by 
N-alkylation. The results of these preparations are described in the Experimental Section. The few 
benzyl bromides that required independent synthesis will be described in the section briefly, and 
full description of these preparations can also be found within the Experimental Section. 
 The preparation of stilbene benzyl bromide 200 was based upon a Wittig olefination 
followed by radical bromination (Scheme 64). The Wittig reaction between aldehyde 197 and 
phosphonium salt 198 proceeded uneventfully to give methyl stilbene 199 as a 1:1 mixture of E:Z 
isomers. By separation and independent submission of both geometric isomers to the radical 
bromination conditions, it was found that the Z-isomer underwent isomerization to give only the 
E-benzyl bromide 200. As a result, the mixture of geometric isomers could be forwarded to give a 
good yield of the desired benzyl bromide 200 as a single isomer. 
 
Scheme 64 
 
 
 The synthesis of 3-fluoro-5-methylbenzyl bromide 203 was trival, but highlights the 
general method used to prepare benzyl bromides from aryl bromides (Scheme 65). Aryl bromide 
73 underwent lithium-halogen exchange followed by trapping with DMF to provide the 
benzaldehyde. Reduction of the crude aldehyde with NaBH4 yielded the benzyl alcohol 202 in 
high yields in a two step process. The benzylic alcohol could then be brominated using PBr3. The 
low yield shown in Scheme 65 is likely due to a combination of decomposition and high volatility 
of the desired product in the isolation process. Attempts to form 203 via an Appel reaction were 
unsuccessful and instead yielded the dimeric benzyl ether. 
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Scheme 65 
 
 
 The synthesis of fluorenyl benzyl bromide 210 is shown in Scheme 66. Starting from 
fluorene (204), 2,7-dibromination followed by dimethylation at the 9-position yielded 206. The 
benzyl alcohol functionality was installed as previously described by lithiation, formylation, and 
reduction to give intermediate 207. Unfortunately a small amount of dehalogenated side product 
was also obtained (~9%) and was inseparable from the desired benzyl alcohol. Dehalogenation 
was also a problem in the subsequent cross-coupling step, so this contaminant was carried through 
the synthesis until a later stage. Protection of the hydroxyl group to TBS-analog 208 was performed 
to prevent complications with the alkyl-cross coupling. A variety of Ni, Fe, and Pd catalysts were 
surveyed for the cross-coupling of n-BuMgBr and dehalogenation-reduction appeared to be a 
competitive side process for a variety of catalysts. The best result (approximately 5% 
dehalogenation) was obtained with Pd(dppf)Cl2·CH2Cl2 as the catalyst. Deprotection of the TBS 
group was done prior to isolation, at which time the dehalogenated material could be removed by 
column chromatography. Final bromination with PBr3 provided fluorenyl-benzyl bromide 210 in 
good yield. 
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Scheme 66 
 
 The most challenging benzyl bromide to synthesize was the amino phenol derivative. Due 
to the incompatibility of phenols within PTC conditions, as well as the difficulty in trying alkylate 
cinchonidine with a benzyl bromide containing a primary aniline, oxazole benzyl bromide 217 was 
identified as a viable target. The synthesis is shown in Scheme 67. Starting from 5-chlorosalicylic 
acid (211), nitration and esterification proceeded in good yield and was easily scalable to give 
large quantities of nitroarene 213. Reduction by Raney nickel in the presence of hydrogen gave 
crude amino phenol 214, which was directly submitted to oxazole formation in the presence of 
triethylorthoacetate. Reduction of the ethyl ester 215 proved to be a challenge due to competitive 
reduction of the oxazole to the corresponding N-ethylamine. The best method identified was a poor 
yielding two step reduction process first reducing to the aldehyde using DIBAL, followed by 
further reduction with NaBH4 to give oxidatively labile benzyl alcohol 216. A final Appel reaction 
provided the desired benzyl bromide 217 in high yield. 
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Scheme 67 
 
 
3.3.5.3.3 Survey of Catalyst Library 
 With the initial diversity set of catalysts synthesized, the catalysts were then screened 
against allyloxy-oxindole substrates of varying substitution (Table 29). In almost all cases, full 
conversion of the starting material to the desired [2,3]-product 165a-c was observed in 3 h, and no 
evidence of product inhibition was observed. Unfortunately the enantioselectivities obtained were 
modest (up to 73:27 e.r., entry 18). Even more problematic was that despite the catalysts being 
predicted to be diverse from one another, the range of observed e.r. was very narrow (typically 
between 60:40 and 70:30). Initially when testing the parent substrate (N-Bn-O-allyl) it was 
hypothesized that this may be due to the difficulty in biasing the conformation of the relatively 
small allyl group prior to rearrangement. Prenyloxy-substrates 164b and 164c were then tested 
against various members of the library to determine if a larger allyl group would result in a wider 
range of e.r. Unfortunately, no increase in overall e.r. was observed with terminal substitution of 
the allyl group or with the change to N-i-Pr substitution. A short survey of solvents (CPME, 
chlorobenzene, dichloromethane, xylenes) also did not improve the e.r. Due to the very narrow 
range of e.r. observed, any attempt to create a mathematical model of the data to predict future 
catalysts was unsuccessful.  
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Table 29. Screening of Diversity Set in [2,3]-Rearrangement of Oxindole Substrates.a 
 
Entry 
Substrate 
Catalyst (Ar) 
Relative 
Conversion 
(%)b 
e.r.c 
 R Pg 
1 164a H Bn 196a 
 
100 69:32 
2 164b Me Bn 196a 92 62:38 
3 164c Me i-Pr 196a 100 70:30 
4 164a H Bn 196b 
 
100 68:32 
5 164b Me Bn 196b 100 65:35 
6 164c Me i-Pr 196b 100 65:35 
7 164a H Bn 196c 
 
100 62:38 
8 164b Me Bn 196c 100 53:47 
9 164c Me i-Pr 196c 100 68:32 
10 164a H Bn 196d 
 
100 63:37 
11 164b Me Bn 196d 100 48:52 
12 164c Me i-Pr 196d n.d.d 58:42 
13 164a H Bn 196e 
 
100 68:32 
14 164b Me Bn 196e 100 60:40 
15 164c Me i-Pr 196e 100 65:35 
16 164a H Bn 196f 
 
90 64:36 
17 164b Me Bn 196f 100 61:39 
18 164c Me i-Pr 196f 100 73:27 
19 164a H Bn 196g 
 
87 60:40 
20 164b Me Bn 196g 97 55:45 
21 164c Me i-Pr 196g n.d.d 71:29 
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Table 29. Screening of Diversity Set in [2,3]-Rearrangement of Oxindole Substrates (Cont.).a 
22 164a H Bn 196h 
 
100 65:35 
23 164b Me Bn 196h 100 55:45 
24 164c Me i-Pr 196h 100 63:37 
25 164a H Bn 196i 
 
100 63:37 
26 164b Me Bn 196i 100 59:41 
27 164c Me i-Pr 196i 100 68:32 
28 164a H Bn 196j 
 
95 63:37 
29 164b Me Bn 196j 58e 62:38 
30 164c Me i-Pr 196j n.d.d 68:32 
31 164a H Bn 196k 
 
100 65:35 
32 164b Me Bn 196k 100 61:39 
33 164c Me i-Pr 196k 100 70:30 
34 164a H Bn 196l’ 
 
100 69:31 
35 164b Me Bn 196l’ 100 62:38 
36 164c Me i-Pr 196l’ 100 63:37 
37 164a H Bn 196m’ 
 
100 67:33 
38 164b Me Bn 196m’ 100 54:46 
39 164c Me i-Pr 196m’ 100 61:39 
40 164a H Bn - none 2f - 
41 164b Me Bn - none 4 - 
42 164c Me i-Pr - none 0g - 
a Reactions performed on a 0.09 mmol scale with 10.0 equiv. of KOH at [0.16 M] in toluene. b 
Determine by crude 1H NMR (CDCl3). c Determine by CSP-HPLC. d Indicates incomplete conversion 
as indicated by TLC. e Estimated conversion due to complex mixture of side products. f Measured at 4 
h. g Within the detection limits of 1H NMR. 
 
3.4 Discussion 
 The results of the development of a phase transfer catalyzed [2,3]-rearrangement have been 
described in detail. To facilitate discussion of the results, a proposed mechanism will first be 
111 
 
presented. In the context of mechanism, then the nature of catalysis, reaction optimization, and 
stereoselection will be addressed. 
3.4.1 Proposed Mechanism for a Phase Transfer Catalyzed Rearrangement 
 The hydroxide-mediated, phase transfer catalyzed [2,3]-Wittig rearrangement most likely 
proceeds through an interfacial mechanism which is favored for other reaction of enolates under 
PTC conditions.39 A proposed mechanism under liquid-liquid PTC conditions is provided in Figure 
19. The fact that a sigmatropic rearrangement is a unimolecular reaction introduces a level of 
complexity not found in bimolecular reactions. Following the mechanism proposed for enolate 
alkylations, it is believed that the first step is diffusion of the neutral substrate into the interfacial 
region (a water-rich organic phase at the boundary of the two immiscible layers) (step 1). Once in 
the interfacial region, the substrate (218) can undergo deprotonation with inorganic base (MOH) 
to form metal enolate 219 (step 2). After formation of the metal enolate, two pathways are possible. 
The metal enolate could undergo rearrangement directly within the interfacial region, resulting in 
metal alkoxide 220 (step 3a). This process would be independent of quaternary ammonium salt 
(Q+Br–), and in the case of a processes using a chiral catalyst, this process would result in a racemic 
product. Alternatively, metal enolate 219 could undergo ion exchange with the quaternary 
ammonium salt to give ammonium enolate 221 (step 3b). If the quaternary ammonium salt is chiral 
and non-racemic, this exchange process is crucial to observe high enantioselectivity. 
Rearrangement of ammonium enolate 221 should be highly dependent upon the solvation state 
(and therefore the reactivity) of the anion, and it is possible that rearrangement could occur in two 
different locations. Exchange to the ammonium counterion could provide sufficient activation to 
promote rearrangement within the interfacial region, resulting in the formation of ammonium 
alkoxide 222 (step 4a). Alternatively, extraction of the ammonium enolate into the organic layer 
may be necessary to promote rearrangement (step 4b). This extraction would likely be 
accompanied to desolvation of the enolate anion. 
The last step of this process is to regenerate a catalytically competent species. Quaternary 
ammonium alkoxide 222 must release the quaternary ammonium counterion for the catalytic cycle 
to continue. One possible release mechanism is the protonation of the ammonium alkoxide by a 
water molecule to give α-hydroxy carbonyl 223 and quaternary ammonium hydroxide salt (steps 
5a and 5b). Water molecules are in high availability within the interfacial region (step 5b), however 
water within a non-polar organic solvent such as toluene may be less likely (step 5a). Alternative 
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release mechanisms (step 5a) to regenerate the catalyst could be (1) deprotonation of the substrate 
218 with ammonium alkoxide 201 within the organic layer or (2) migration of ammonium alkoxide 
222 back into the interfacial region prior to protonation. Additionally, protonation may not be 
necessary and exchange to metal alkoxide 222 could also occur by reaction with the inorganic 
base, likely within the interfacial region (not shown for simplicity).  
 
 
Figure 19. Proposed interfacial mechanism for a phase transfer catalyzed [2,3-rearrangement. 
 
 In bimolecular phase transfer catalyzed reactions, the nature of catalysis by the quaternary 
ammonium salt is often ascribed to the extraction of the quaternary ammonium anion pair into the 
organic phase. This extraction process is crucial in bimolecular reactions because the neutral (often 
lipophilic) electrophile is located within the organic phase (and is in low local concentration within 
the interface). Without the quaternary ammonium ion, the metal anion is insufficiently soluble 
within the organic phase, and as a result does not come into proximity of the electrophile. This 
spatial separation of nucleophile and electrophile serves to minimize the background (or un-
catalyzed) reaction. 
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 This situation raises the question that without spatial separation of the nucleophile and 
electrophile in separate phases, what is the nature of catalysis for an intramolecular phase transfer 
catalyzed reaction? On the basis of the results presented in the previous section, and other examples 
of intramolecular PTC reactions,162-165 the rate of reaction does appear to be enhanced by use of a 
quaternary ammonium salt. The observation of enantioenrichment when a chiral non-racemic 
catalyst is used, also indicates quaternary ammonium involvement.  
One factor that could contribute to catalysis is that the quaternary ammonium counterion 
is less bound to the enolate anion than a metal counterion. This diffuse “separated ion pair” can 
destabilize the anionic intermediate and accelerate the reaction of the corresponding anion.178 We 
have previously reported a 60-fold rate increase in the alkylation of phenoxide anion in 
homogeneous solution when changing from potassium to tetrabutylammonium cation.179 A metal 
enolate has a more covalent bond between the alkoxide anion and the metal cation thus diminishing 
anionic charge at the adjacent α-carbon. Nakai has shown that anionic charge on the α-carbon is 
crucial in the [2,3]-rearrangement of allyloxyester substrates at low temperature.150,152 This feature 
could help explain why the metal enolate does not immediately undergo rearrangement and instead 
undergoes exchange with the quaternary ammonium counterion.  
Even more important to the rate enhancement observed in phase transfer catalyzed 
processes is the dehydration that occurs as a quaternary ammonium counterion extracts the reactive 
anion away from the interfacial region.178,180 An increased solvation shell around the enolate anion 
will result in lower reactivity and slower rates of rearrangement. The role of water is evident in the 
observation that the allyloxycarbonyl compounds in this study undergo rapid rearrangement under 
anhydrous conditions (solid-liquid PTC) even in the absence of quaternary ammonium catalyst. 
Similarly, no catalysis was observed in the rearrangement of 3-allyloxy-2-oxindoles under liquid-
liquid PTC conditions using higher concentrations of base (10.8 M aq. KOH, 42.5 wt %). Both of 
these observations indicate that in order to achieve catalysis of this rearrangement using a 
quaternary ammonium salt, the reactive anion must be sufficiently hydrated to attenuate the 
background reaction. It is unclear whether the slight desolvation upon exchange to an ammonium 
counterion is sufficient to promote reaction (step 4a) or if further desolvation by extraction into 
the organic phase is necessary (step 4b).  The level of solvation of the ammonium alkoxide after 
rearrangement will also be crucial for release of the counterion by protonation.  
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 Due to the complexity of the mechanism it is difficult to say with certainty exactly which 
factors are most important for catalysis. In any event, catalysis is observed in the [2,3]-
rearrangement of 2-allyloxy-1-tetralone and 3-allyloxy-2-oxindole substrates. 
3.4.2 Optimization of Conditions for Phase Transfer Catalysis 
 For all substrate classes tested under PTC conditions in this study, catalysis was observed 
only in the case of liquid-liquid biphasic systems. This is in contrast to the original [2,3]-Wittig 
rearrangement of allyl fluorenyl ethers reported by Yamamoto that employed solid-liquid 
conditions.160 The presence of water is likely crucial to differentiate a catalyzed and uncatalyzed 
rearrangement. In the case of solid-liquid exchange it is likely that the metal enolate which is 
formed at the solid-liquid surface is reactive enough to undergo immediate rearrangement without 
the intervention of a catalyst because of the anhydrous conditions. Metal enolates formed under 
anhydrous conditions with hydride bases undergo rearrangement under similar conditions.155 
Under liquid-liquid PTC conditions the metal enolate is stabilized by solvation. This slows the 
rearrangement reaction considerably and provides an opportunity for the quaternary ammonium 
salt to catalyze the process by ion exchange and desolvation. The nature of the counterion in the 
metal hydroxide base used does not appear to have a large effect. In the case of the cinnamyloxy-
oxindole rearrangement, minimal background rates were observed under liquid-liquid PTC 
condition using 2 M aq. KOH, NaOH, and CsOH (Table 21). Base concentration does appear to 
play a role in the rate of un-catalyzed rearrangement. In the case of 2-allyloxytetralone, higher 
relative concentration of base by changing from 10.8 M (42.5 wt %) aq. KOH to 19.0 M (50 wt 
%) aq. NaOH resulted in a much faster background reaction. Additionally, a dependence on added 
catalyst was only observed at lower base concentrations for the rearrangement of oxindole-based 
substrate (2M or 5 M aq. base). The requirement for lower base concentrations in the case of 
oxindole substrates could be a function of its polarity. If more oxindole substrate is present in the 
interfacial region, higher base concentrations may result in higher concentrations of metal enolate, 
and the uncatalyzed rearrangement may begin to outpace the exchange with the substoichiometric 
amount of quaternary ammonium ion in solution. 
3.4.3 Substrate Optimization for [2,3]-Wittig Rearrangement 
 The most successful class of substrates identified for a phase transfer catalyzed [2,3]-
rearrangement were cyclic allyloxy carbonyl compounds because these substrates resulted in 
exclusive [2,3]-rearrangement. Similar to the observations of Koreeda,155 acyclic phenyl ketone 
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substrates proceed through both [2,3]- and [3,3]-rearrangement pathways. Restricting the aryl 
ketone in a ring system in the case of 2-allyloxytetralone, only the [2,3]-rearrangement was 
observed. This change in reactivity could be rationalized by considering the transition state 
conformations involved in each reaction pathway (Figure 20). A major factor within the transition 
state that can play a role in which product ([3,3]- or [2,3]-) is observed is the ability of the allyloxy 
group to reach the proper orientation for the cyclic five-membered or six-membered transition 
state (Figure 20). In the acyclic case the allyloxy group can adopt the proper geometry for either 
rearrangement fairly easily (Figure 20, top, alternative enolate geometries not shown). The lack of 
selectivity between [3,3]- and [2,3]-rearrangement in this acyclic substrate indicates that both 
transition states are close in energy. 
 
 
Figure 20. Comparison of transition state conformations that lead to [3,3]- and [2,3]-
rearrangement. 
 
 Acyclic substrates have additional degrees of freedom that are not accessible in the 
corresponding cyclic substrate. The restriction in rotation for the enolate of 2-allyloxytetralone 
(Figure 20, middle) biases the reaction pathway toward [2,3]-rearrangement. Regardless of 
conditions or counterion no evidence of [3,3]-rearrangement was observed. This could be 
rationalized by considering that the allyloxy group must protrude over the ring system more in the 
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case of [3,3]-rearrangement perhaps contorting the system into a high energy to reach the required 
6-membered transition state. The exclusive [2,3]-rearrangement of 3-allyloxyoxindole (Figure 20, 
bottom) is easily rationalized based on thermodynamics. The transition state required for [3,3]-
rearrangement comes at a cost of disrupting the amide bond imposing a large thermodynamic 
penalty. 
3.4.4 Unusual Mechanistic Behavior of 2-Allyloxytetralone Under PTC Conditions 
 The phase transfer catalyzed reaction of 2-allyloxytetralone under PTC conditions worked 
well using tetraalkylammonium bromides as a catalyst. However, when chiral catalysts were tested 
the reactions stalled  after an initial burst in product formation. Based on the experiments described 
in the results section, it appears that the rearrangement product, 2-hydroxy-2-allyl-tetralone 
inhibits the reaction. This could be a function of the lack of catalyst turnover, in which step 5 of 
the mechanism (Figure 19) is no longer occurring. At first it was hypothesized that the free 
hydroxyl group on the Cinchona-derived catalyst was responsible for product inhibition, due 
perhaps a strong hydrogen-bonding interaction to the product alkoxide. Surprisingly, product 
inhibition was still observed in catalysts not bearing the free hydroxyl group (Figure 15). An 
alternative hypothesis for the difficulty of catalyst turnover could be in the protonation of the 
ammonium alkoxide. The tetralone substrate is very lipophilic and it is possible that the ion pair 
between the rearrangement product and the chiral catalyst is very soluble in the organic layer, and 
perhaps poorly soluble in the interfacial region. This lipophilicity could disfavor diffusion into the 
interfacial region where it is more likely a proton source could be encountered. The fact that 2-
allyloxyoxindole did not show product inhibition could be evidence that a more polar substrate 
does not have this type of problem. Of course the structure of these substrates are quite different 
and so it is also possible that the oxdinolone substrate is just less tightly bound to the chiral catalyst.  
 Curiously the addition of 2-hydroxy-2-allyl-tetralone also appears to slow down the 
reaction in the absence of catalyst (Figure 15). This result is difficult to explain since the amount 
of inorganic base in the reaction (10 equiv.) is much higher than the substoichiometric amount of 
product introduced. The product itself may be inhibiting the reaction not by interacting with the 
catalyst but by changing the dynamics of the interface. It is unclear why this would be the case and 
further study would be needed to confirm that this observation is reproducible. 
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3.4.5 Stereoselectivity 
 The level of enantioselectivity observed in the rearrangement of 3-allyloxindole was 
encouraging (up to 75:25 e.r.). If oxygen is rigorously excluded, these rearrangement reactions 
give very clean conversion to the desired [2,3]-product in short reaction times (3 h). Unfortunately, 
despite testing a variety of catalysts the enantioselectivity could not be improved. The catalysts 
that were tested mostly consisted of Cinchona-derived quaternary ammonium salts, with the 
highest levels of enantioselectivity observed for those containing a free hydroxyl group. The 
dependence on a free hydroxyl group in the catalyst structure a common feature of all of the 
reported intramolecular PTC reaction.162-165 A speculative ion pair model for the rearrangement is 
shown in Figure 21 for the purpose of discussion. The major enantiomer for the rearrangement of 
1-benzyl-3-allyloxy-2-oxindole was determined to be the (S)-enantiomer by comparison of the 
HPLC elution under identical conditions to the literature.181 The orientation of the allyloxy group 
to one or the other face of the enolate will dictate the observed enantioselectivity. This minor 
change in conformation makes controlling the enantioselectivity of a sigmatropic rearrangement 
very difficult. The level of enantioselectivity observed thus far indicates a preference of one 
conformation (one possibility shown in Figure 21, left), however straightforward diversification 
using a Cinchona-derived catalysis was unable to bias the conformation much over a 3:1 
preference. It is possible that an ammonium ion that could provide very high enantioselectivity in 
a phase transfer catalyzed reaction needs to be very different from the types of catalysts that are 
typically successful in bimolecular reactions. If a free hydroxyl group is playing a critical role in 
organizing the ion pair (as speculated in Figure 21), it may be possible to incorporate other anion 
binding group or points of hydrogen-bond recognition in the catalyst. Alternative catalyst scaffolds 
may also provide more sites of diversification to achieve high enantioselectivity. 
Figure 21. Two possible ion pair conformations that would lead to opposite enantiomeric products. 
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3.4.6 Use of Computational Diversity Analysis for Chiral Catalyst Survey 
 The small range of enantioselectivity (60:40 to 73:27 e.r.) observed in the initial survey of 
catalyst based upon a computation diversity analysis was disappointing. This lack of response in 
enantioselectivity to catalyst structure may arise for a variety of reasons. First, it could be that by 
restricting the survey to only N-benzyl groups a truly diverse set of catalysts could not be obtained. 
Second, it is possible that based upon how the computational programming is set to define diversity 
(and how heavily it weighs the steric or electronic properties of a given catalyst) is not refined 
enough to yield usable results. It is also possible that based on the substrate scaffold and the 
reaction platform tested, the maximal e.r. may have already been reached (e.r. 75:25). Only 
continued testing of the computational diversity strategy across many different types of reactions 
will provide insight into whether this avenue of research can be beneficial in the identification of 
highly selective catalysts. 
 
3.5 Conclusion 
 A phase transfer catalyzed, sigmatropic rearrangement has been developed. Exclusive 
[2,3]-Wittig rearrangement was observed for cyclic allyloxy carbonyl substrates under liquid-
liquid phase transfer conditions. Product inhibition was observed in the use of 2-allyloxytetralone 
as a rearrangement substrate indicating the importance of catalyst release kinetics in the use of 
phase transfer catalysis for anionic rearrangements. Product inhibition was not observed for a more 
polar substrate, 3-allyloxyoxindole. To date the highest enantioselectivity that has been observed 
is 75:25 e.r. Attempts to increase this stereoselectivity by reaction optimization and deriviatization 
of Cinchona-derived catalysts have not been successful, but the level of enantioselectivity 
observed is encouraging. With a better understanding of mechanism and elucidation of key catalyst 
features that are needed for high enantioselectivity, a highly enantioselective phase transfer 
catalyzed [2,3]-Wittig reaction should be well within reach. 
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Chapter 4: Experimental 
4.1 General Experimental 
All reactions were performed in flame-dried, glassware under an atmosphere of dry argon 
unless otherwise noted. Reactions solvents tetrahydrofuran (Fisher, HPLC grade), diethyl ether 
(Fisher, ACS grade, BHT stabilized), and dichloromethane (Fisher, unstabilized HPLC grade) 
were dried by percolation through two columns packed with neutral alumina under a positive 
pressure of argon. Methanol and ethanol were distilled from magnesium turnings under a nitrogen 
atmosphere. Solvents for filtration, transfers, chromatography, and recrystallization were 
purchased from Fisher (certified ACS grade) and used as received. “Brine” refers to a saturated 
solution of sodium chloride in distilled water. Column chromatography was performed using 
Merck grade 9385, 60 Å silica gel. Visualization was accomplished by UV light, iodine vapor, 
potassium permanganate solution, or phosphomolybdic acid solution. Analytical thin-layer 
chromatography (TLC) was performed on Merck silica gel plates with F254 indicator. Rf values 
reported were measured using a 10 × 2 cm TLC plate in a developing chamber containing the 
solvent system described. All reaction temperatures correspond to internal temperatures measured 
with Teflon coated thermocouples unless otherwise noted.  
1H, 13C and 19F NMR spectra were recorded on Varian Unity-400 or 500 MHz (400 or 500 
MHz, 1H; 126 MHz, 13C; 470 MHz, 19F) spectrometers.  Spectra are referenced to residual 
chloroform (δ = 7.26 ppm, 1H; 77.16 ppm, 13C), residual methanol (δ = 3.31 ppm, 1H; 49.0 ppm, 
13C), toluene (δ = 2.09 ppm, 1H; 20.4 ppm, 13C) or THF (δ = 3.58 ppm, 1H; 73.78 ppm, 13C). Neat 
trichlorofluoromethane (0.00 ppm) was used as an external reference for 19F NMR. Chemical shifts 
are reported in parts per million, multiplicities are indicated by s (singlet), d (doublet), t (triplet), 
q (quartet), p (pentet), h (hextet), sext (sextet), m (multiplet), and br (broad). Coupling constants, 
J, are reported in Hertz, and integration is provided. Assignments were obtained by reference to 
COSY, HMQC, and HMBC correlations. Elemental analysis was performed by the University of 
Illinois Microanalysis Laboratory or Robertson Microlit Laboratories. Reported data is the average 
of at least 2 runs. Mass spectrometry (MS) was performed by the University of Illinois Mass 
Spectrometry Laboratory. Electron Impact (EI) spectra were performed at 70 eV using methane as 
the carrier gas on a Finnagin-MAT C5 spectrometer. Chemical Ionization (CI) spectra were 
performed with methane reagent gas on a Micromass 70-VSE spectrometer. Electrospray 
Ionization (ESI) spectra were performed on a Micromass Q-Tof Ultima spectrometer. Data are 
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reported in the form of m/z (intensity relative to the base peak = 100). Infrared spectra (IR) were 
recorded in  KBr pellets on a Perkin-Elmer FT-IR system and peaks were reported in cm-1 with 
indicated relative intensities: s (strong, 0–33% T); m (medium, 34–66% T); w (weak, 67–100% 
T). Melting points (mp) were determined on a Tomas-Hoover capillary melting point apparatus in 
sealed tubes and are corrected.  
Kugelhrohr distillations were performed on a Büchi GKR-50 Kugelrohr and boiling points 
correspond to uncorrected air bath temperatures (ABT). Melting point were obtained in a vacuum 
sealed capillary tube using a Thomas Hoover melting point apparatus. Analytical thin-layer 
chromatography was performed on Merck silica gel 60 F254 or Merck silica gel 60 RP-18 F254s 
plates.  Visualization was accomplished with UV light (254 nm), potassium permanganate 
(KMnO4), or ceric ammonium molybdate (CAM) stains.  Flash chromatography was performed 
using Merck silica gel 60 230–400 mesh (60–63 μ, 60 Å pore size).  
Analytical supercritical fluid chromatography (SFC) was performed on an Agilent 1100 
HPLC equipped with an Aurora Systems A-5 supercritical CO2 adapter for supercritical fluid 
chromatography and a UV detector (220 nm or 254 nm) using Daicel Chiralcel OJ and Daicel 
Chiralpak AD and AS columns. Analytical high performance liquid chromatography (HPLC) was 
performed on an Agilent 1100 Series HPLC with a built-in photometric detector (λ = 220, 254 
nm). Chiral separations were performed using a Chiralpak ® AD-H and OJ-H columns. 
 
4.2 Commercial Chemicals 
 Reaction solvents tetrahydrofuran (Fisher, HPLC grade), diethyl ether (Fisher, BHT 
stabilized ACS grade), dichloromethane (Fisher, unstabilized HPLC grade), and N,N-
dimethylformamide (Fisher, HPLC grade) were dried by passage through two columns of neutral 
alumina in a solvent dispensing system. Reaction solvents toluene (Fisher, ACS grade) was dried 
by percolation through a column packed with neutral alumina and a column packed with Q5 
reactant, a supported copper catalyst for scavenging oxygen, in a solvent dispensing system. 
Reaction solvents methanol and ethanol were distilled over magnesium prior to use. Reaction 
solvent acetonitrile was distilled over CaH2 prior to use. Reaction solvent benzene was distilled 
over sodium prior to use. Reaction solvents carbon tetrachloride (Aldrich, reagent grade), 
chloroform (Fisher, ACS grade), and isopropanol (Macron, reagent grade) were used without 
further purification. Solvents for chromatography, filtration and recrystallization were 
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dichloromethane (Aldrich, ACS grade), ethyl acetate (Fisher, ACS grade), diethyl ether (Fisher, 
ACS grade), hexane (Fisher, Optima) and toluene (Aldrich, Optima) and were used as received. 
Solvents for NMR experiments (d8-THF, CDCl3, d4-MeOH, d6-DMSO) were purchased from 
Cambridge Isotope Laboratories, Inc. and used without further purification. Aqueous hydroxide 
base solutions were prepared from distilled water, and “brine” referred to a saturated NaCl solution 
in distilled water. 
 The following commercial reagents were used as received: 1,3-Propanedithiol (99%), 
iodine (>99.8%, ACS grade), chromone (99%), coumarin (≥99%), methyl cinnamate (99%), 
ammonium chloride (≥99.5%, ACS grade), tetrabutylammonium bromide (99%), Amberlyst A26 
hydroxide form, and tris(dimethylamino)sulfonium difluorotrimethylsilicate (TAS-F, tech. grade), 
cinchonidine (96%), rhodium (II) acetate dimer (powder), indium trifluoromethanesulfonate, 
triphenylphosphine (99%), potassium tert-butoxide (>98%), N-bromosuccinimide (99%), allyl 
bromide (>98%), bromine (reagent grade), iron (III) chloride (anhydrous), BHT (99%), 9H-
fluorene (98%), 4-dimethylaminopyridine (>98%), [1,1′ Bis(diphenylphosphino)ferrocene] 
dichloropalladium(II), complex with dichloromethane, 5-chlorosalicylic acid (98%), cesium 
hydroxide monohydrate (>95%), carbon tetrabromide (99%), p-toluenesulfonic acid (98%), 3,5-
bis(trifluoromethyl)benzyl bromide (97%), 3,5-di-tert-butylbenzyl bromide (97%), 4-cyanobezyl 
bromide (97%), 3,5-dimethylbenzyl bromide (>97%), 2-(bromomethyl)-5-nitrofuran (97%), 2-
(bromomethyl)naphthalene (96%), 2-bromo-5-methoxybenzyl bromide (97%), 3-phenylbenzyl 
bromide (97%), and methyl iodide (contains copper as stabilizer, 99%) were purchased from 
Aldrich. 4,4-Dimethyl-2-cyclohexen-1-one (95%), 2-iodopropane (99%), 3-bromo-5-
fluorotoluene (98%), p-toluenesulfonylhydrazide (95%), 2-fluorobenzyl bromide (99%), 2-
cyanobenzyl bromide (96%), 3,5-difluorobenzyl bromide (98%), 2,4-bis(trifluoromethyl)benzyl 
bromide (98%), 3-methyl-4-fluorobenzyl bromide (98%), 3-trifluoromethyl-4-fluorobenzyl 
bromide (98%), 2-methyl-5-trifluoromethylbenzyl bromide (98%), 2,4,5-fluorobenzyl bromide 
(97%), 2-methyl-5-fluorobenzyl bromide (97%), and 3-chloro-4-fluorobenzyl bromide (98%) 
were purchased from Oakwood Chemical. Chloroform (ACS grade), trichloroacetic acid (ACS 
grade), sodium bicarbonate (ACS grade), magnesium sulfate (anhydrous, certified), sodium 
chloride (ACS grade), sodium thiosulfate (anhydrous, certified), sodium hydroxide (ACS grade), 
potassium hydroxide (ACS grade), concentrated sulfuric acid (certified ACS plus), concentrated 
nitric acid (certified ACS plus), and potassium permanganate (ACS grade) were purchased from 
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Fisher. Sodium sulfate (anhydrous) was purchased from EMD Millipore. Raney nickel and 
silver(I) oxide were purchased from Strem and used as received. (R)-(−)-Carvone (98%) and 3-
phenylpropionaldehyde (95%) were purchased from Alfa Aesar. Sodium periodate (99%) was 
purchased from Acros Organics. tert-Butyldimethylsilyl chloride (>95%) was purchased from 
Gelest. 
The following commercial reagents were purified prior to use: Chlorotrimethylsilane 
(>98%, Aldrich), o-tolualdehyde (>98%, Fluka), 2-cyclohexen-1-one (≥95%, Aldrich), 2-
cyclopenten-1-one (98%, Aldrich), 2-cyclohepten-1-one (80% tech. grade, Aldrich), trans-
cinnamaldehyde (99%, Aldrich), 3-methyl-2-cyclohexen-1-one (98%, Aldrich), phosphorus 
tribromide (99%, Oakwood) were distilled to a constant boiling point and stored under Ar. Boron 
trifluoride diethyl etherate (≥99.5%, Aldrich) was diluted in an excess of anhydrous diethyl ether, 
and fractionally distilled under reduced pressure over CaH2. Triethylamine (>99%, Aldrich) was 
distilled over CaH2 before use. Allyl alcohol (>98.5%, Aldrich), 3-methyl-2-buten-1-ol (99%, 
Aldrich), and (E)-cinnamyl alcohol (98%, Aldrich) were distilled from K2CO3 prior to use. NaH 
(60% in mineral oil, Aldrich) was washed repeatedly with hexanes within a dry box and dried in 
vacuo prior to use. n-Butyl lithium in hexanes (Aldrich) was filtered and titrated by the method of 
Gilman182 prior to use. Chalcone was recrystallized from ethanol prior to use. 
Tetrabutylammonium fluoride trihydrate (≥97%, Fluka) was used as received, dissolved in 
anhydrous THF to give a colorless 0.2 M solution, and stored at rt under Ar in a Teflon-sealed 
Schlenk flask. 
 
4.3 Literature Preparations 
The following compounds used in Chapter 2 were prepared by literature methods and 
characterization matched the data previously reported: phenyl benzyl sulfide [LRC-2-70],108 α-
trimethylsilylbenzylphenyl sulfide [LRC-2-28],108 phenyl benzyl sulfone [LRC-2-72],183 α-
trimethylsilylbenzylphenyl sulfone [LRC-2-72],78  2-phenyl-1,3-dithiane [LRC-8-17],112 2-
phenyl-2-trimethylsilyl-1,3-dithiane [LRC-8-18],184 2-(4-cyanophenyl)-1,3-dithiane [LRC-9-
29],112 1-bromomethylnaphthalene,185 9-bromomethylanthracene,186 3,5-diphenylbenzyl bromide 
[LRC-3-81],187 O-methylcinchonidine [LRC-3-66],188 O-benzylcinchonidine [LRC-4-25],188 and 
O-allylcinchonidine [LRC-3-17],188 1,3-bis-cinchonidine dimer [LRC-4-23],189 Quaternary 
ammonium bromide salts derived from Cinchona alkaloids were prepared following the procedure 
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previously published by our group.188 Binaphthyl-based bromide salts (“Maruoka catalysts”) were 
synthesized via known procedures from (S)-BINOL.190  2,2-Diethyl-1,3-dithiol was prepared 
following a three-step procedure as reported in a the literature [LRC-10-57, LRC-10-68, LRC-10-
69].116,191 Cyclohept-2-en-1-one [LRC-8-36, LRC-8-41] was prepared in two steps following a 
previous report by our laboratories.34 4-(tert-Butyl)cyclohex-1-ene-1-carbonitrile [LRC-8-40] was 
prepared in one step from 4-tert-butylcyclohexanone.192  
 The following compounds used in Chapter 3 were prepared following literature procedures: 
The following compounds were prepared by literature methods and characterization matched the 
data previously reported: 2-hydroxy-2-phenyl-1-(pyrrolidin-1-yl)ethan-1-one [LRC-6-32],193 2-
acetoxy-2-phenylacetic acid [LRC-6-33],193 tert-butyl 2-acetoxy-2-phenylacetate [LRC-6-34],193  
tert-butyl 2-hydroxy-2-phenylacetate [LRC-6-36],193 2-diazoacetophenone [LRC-6-17],174 2-
diazopropiophenone [LRC-6-23],174 2-diazo-1-tetralone [LRC-6-64],174 1-benzyl isatin [LRC-7-
92],176 (Z)-N’-(1-benzyl-2-oxindolin-3-ylidene)-4-methylbenzenesulfonohydrazide [LRC-7-
94],176 and 1-benzyl-3-diazo-1,3-dihydro-indol-2-one [LRC-15-DH6783],176 N-
benzylcinchindinium bromide,188 N-(1-naphthylmethyl)cinchonidinium bromide,188 N-(9-
antracenylmethyl)cinchonidium bromide,188 N-(3,5-bis(trifluoromethyl)benzyl)cinchonidium 
bromide,188 O-methylcinchonidine [LRC-3-66],188 O-benzylcinchonidine [LRC-4-25],188 O-
allylcinchonidine [LRC-3-17],188 N-(3,5-bis(trifluoromethyl)benzyl)-O-methyl-cinchonidium 
bromide,188 N-(3,5-bis(trifluoromethyl)benzyl)-O-benzylcinchonidium bromide,188 N-(3,5-
bis(trifluoromethyl)benzyl)-O-allylcinchonidium bromide,188 1-(benzyloxy)-3-(3,5-
bis(trifluoromethyl)benzyl)-3-methyl-5-isopropyl-1-(2-naphthalenylmethyl)cyclopenta- 
[gh]pyrrolizinium bromide,34 3-(3,5-bis(trifluoromethyl)benzyl)-1-(hexyloxy)-1-isopropyl-3,5-
dimethylcyclopentapyrrolizinium bromide,34 and N,N’-bis(2-bromo-5-methoxybenzyl)-
cinchonidinium dibromide [LRC-14-CM1985].165 
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4.4 Experimental Procedures for Chapter 2 
4.4.1 Racemic Fluoride-Promoted Conjugate Additions 
Addition of Trimethylsilyl Benzyl Phenyl Sulfide to 2-Cyclohexenone 
 
To a flame-dried 25 mL Schlenk flask under argon was added -trimethylsilyl benzyl 
phenyl sulfide (136.2 mg, 0.5 mmol), 2-cyclohexenone (24 L, 0.25 mmol), and tetrahydrofuran 
(1.5 mL). The reaction mixture was cooled to −78 C, and the tetrabutylammonium fluoride 
trihydrate (15.7 mg, 0.05 mmol, 10 mol %) was added via canula as a solution in tetrahydrofuran 
(1.0 mL). The flask containing the fluoride catalyst was washed with 0.5 mL tetrahydrofuran, 
which was also added via canula. The reaction mixture was stirred at −78 C for 1 h. After complete 
consumption of 2-cyclohexenone, the reaction was quenched at −78 C by the addition of 3 mL of 
3 N trichloroacetic acid in tetrahydrofuran. The cooling bath was removed and the reaction was 
warmed to room temperature over 30 min. The reaction was diluted with 1:1 hexane:diethyl ether 
(30 mL) and washed successively with sat. NaHCO3 once, distilled water, and brine. The organic 
layer was dried over MgSO4 and concentrated by rotary evaporation. The Michael adduct (as a 
mixture of diastereomers) was purified by silica gel chromatography (30 mm × 200 mm, 
hexane/ethyl acetate, 20:1).  
 
Data for 47: 
1H NMR: (400 MHz, CDCl3) 
7.55-7.00 (m, 10 H), 3.98 (d, J = 8.5 Hz, 1 H, minor diastereomer), 3.89 (d, J = 6.6 
Hz, 1 H, major diastereomer), 3.01 (dddd, J = 12.3, 10.1, 7.3, 3.4 Hz, 1 H), 2.89-
2.74 (m), 2.70-2.60 (m), 2.42-2.27 (m), 2.27-2.05 (m), 1.80-1.51 (m), 1.5-1.33 (m). 
 TLC: Rf  0.06 (hexane/ethyl acetate, 4:1) [silica gel, KMnO4] 
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Addition of Trimethylsilyl Benzyl Phenyl Sulfone to 2-Cyclohexenone 
 
To a flame-dried 25 mL Schlenk flask under argon was added -trimethylsilyl benzyl 
phenyl sulfone (152.2 mg, 0.5 mmol), 2-cyclohexenone (24 L, 0.25 mmol), and tetrahydrofuran 
(1.5 mL). The reaction mixture was cooled to −78 C, and tetrabutylammonium fluoride trihydrate 
(15.7 mg, 0.05 mmol, 0.10 equiv) was added via canula as a solution in tetrahydrofuran (1.0 mL). 
The flask containing the fluoride catalyst was washed with 0.5 mL tetrahydrofuran, which was 
also added via canula. The reaction mixture was stirred at −78 C for 1 h. After complete 
consumption of 2-cyclohexenone, the reaction was quenched at −78 C by the addition of 3 mL of 
3 N trichloroacetic acid in tetrahydrofuran. The cooling bath was removed and the reaction was 
warmed to room temperature over 30 min. The reaction was diluted with ethyl acetate (30 mL) 
and washed successively with sat. NaHCO3 once, distilled water, and brine. The organic layer was 
dried over MgSO4 and concentrated by rotary evaporation. The Michael adduct (as a mixture of 
diastereomers) was purified by silica gel chromatography (30 mm × 200 mm, hexane/ethyl acetate, 
4:1). Determination of d.r. and e.r. was done by SFC chromatography using a Daicel Chiralpak OJ 
column: 2.0 mL/min, 200 bar, 5% IPA, 220 nm. 
 
Data for 50: 
1H NMR: (400 MHz, CDCl3) 
7.55-7.00 (m, 10 H), 3.98 (d, J = 8.5, 1 H, minor diastereomer), 3.89 (d, J = 6.6, 1 
H, major diastereomer), 3.01 (dddd, J = 12.3, 10.1, 7.3, 3.4 Hz), 2.89-2.74 (m), 
2.70-2.60 (m), 2.42-2.27 (m), 2.27-2.05 (m), 1.80-1.51 (m), 1.5-1.33 (m). 
TLC:  Rf  0.06 (hexane/ethyl acetate, 4:1) [silica gel, KMnO4] 
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General Procedure 1: TBAF Catalyzed Conjugate Addition of Dithiane Nucleophile 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added the silyldithiane 
(1.5 equiv). The flask was evacuated and backfilled with Ar twice, then Michael acceptor (1.0 
equiv) and THF (0.08 M) were added by syringe. The reaction was stirred under Ar, fitted with an 
internal temperature probe, and cooled to –78 C (dry ice/acetone). Tetrabutylammonium fluoride 
trihydrate (3 mol %) was added as a freshly prepared solution in THF (0.2 M). The reaction turned 
bright yellow upon addition of fluoride and was stirred at –78 C. Reaction progress was monitored 
by disappearance of Michael acceptor by TLC or 1H NMR analysis. Upon complete consumption 
of Michael acceptor, the reaction was quenched at –78 C with 5.0 mL of 2 M Cl3CCO2H in THF 
resulting in complete loss of color. The cooling bath was then removed and the reaction was stirred 
at rt for 1.5 h. The reaction mixture was transferred to a separatory funnel with diethyl ether and 
was neutralized with sat. NaHCO3 (aq). The aqueous layer was extracted with diethyl ether once 
and the combined organic layer was washed with distilled water twice and brine once. The solution 
was dried over MgSO4 or Na2SO4, concentrated, and dried at room temperature under reduced 
pressure (0.1 mm Hg). Purification by column chromatography yielded the desired compound.  
 
Preparation of 3-(2-Phenyl-1,3-ithian-2-yl)cyclohexan-1-one (77a) [LRC-10-14] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added silyldithiane 
51a (403 mg, 1.5 mmol, 1.5 equiv). The flask was evacuated and backfilled with Ar twice, then 2-
cyclohexen-1-one 46 (96 mg, 97 μL, 1.0 mmol, 1.0 equiv) and THF (12.5 mL, 0.08 M) were added 
by syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, and cooled 
to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol %) was added 
dropwise as a freshly prepared solution in THF (0.2 M). The reaction turned bright yellow upon 
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addition of fluoride and was stirred at –78 C for 1 h. Reaction progress was monitored by 
disappearance of 46 by TLC (4:1 hexanes:TBME). The reaction was quenched at    –78 C with 
6.0 mL of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. The cooling bath was then 
removed and the reaction was stirred for 1.5 h at rt. The reaction mixture was transferred with 30 
mL of Et2O to a 125-mL separatory funnel containing 35 mL of sat. NaHCO3 (aq) solution. The 
aqueous layer was separated and extracted with Et2O (1 × 30 mL). The combined organic layer 
was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 mL), dried over MgSO4, 
filtered (cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 C). The colorless 
oil was dried under vacuum (0.1 mm Hg, 25 C) for 1 h to yield 428 mg of a thick colorless oil. 
Purification by flash chromatography (30 g SiO2, 170 mm × 25 mm, 10 mL fractions, 
hexane:TBME gradient (200 mL each): 20:1 to 15:1 to 10:1 to 5:1) yields the desired compound 
as a white solid, 282 mg (96%). An analytically pure sample was prepared by recrystallization. 
The solid was dissolved in a minimum of boiling ethanol (10 mL), cooled to room temperature, 
then cooled to –20 °C for 48 h. The shiny white plates were collected by vacuum filtration, washed 
with ice-cold ethanol, and dried under reduced pressure at rt (0.1 mm Hg) for 2 h to yield 180 mg 
(62%) as shiny white crystals. 
 
Data for 77a: 
 m.p: 124–126 °C (from EtOH) 
1H NMR:  (500 MHz, CDCl3) 
7.89 (d, J = 7.4 Hz, 2 H, HC(11)), 7.38 (t, J = 7.8 Hz, 2 H, HC(12)), 7.26 (t, J = 7.3 
Hz, 1 H, HC(13)), 2.69–2.64 (m, 4 H, H2C(8)), 2.61 (ddt, J = 14.0, 3.4, 2.3 Hz, 1 
H, H2C(5)), 2.33–2.23 (m, 2 H, H2C(1), H2C(4)), 2.22–2.18 (m, 1 H, H2C(3)), 2.18–
2.08 (m, 2 H, H2C(1), H2C(5)), 2.02 (ddt, J = 12.2, 6.2, 3.2 Hz, 1 H, H2C(2)), 1.95–
1.85 (m, 2 H, H2C(9)), 1.50 (ddd, J = 13.0, 4.3, 3.0 Hz, 1 H, H2C(2)), 1.47–1.37 
(m, 1 H, H2C(3)).   
 13C NMR: (126 MHz, CDCl3) 
211.0 (C(6)), 139.2 (HC(1)), 130.3 (HC(11)), 128.7 (HC(12)), 127.3 (HC(13)), 
63.8 (C(7)), 50.6 (HC(4)), 43.3 (H2C(5)), 41.2 (H2C(1)), 27.7 (H2C(8)), 27.7 
(H2C(8)), 26.5 (H2C(3)), 25.4 (H2C(9)), 24.7 (H2C(2)).   
128 
 
 IR: (KBr) 
2940 (m), 2898 (m), 2857 (w), 1705 (s), 1486 (m), 1420 (m), 1344 (m), 1264 (m), 
1222 (m), 1046 (w), 914 (w), 761 (w), 706 (s). 
 LRMS: (EI, 70 eV) 
 51.0 (3), 55.1 (3), 77.1 (7), 91.1 (5), 106.0 (4), 115.0 (9), 121.0 (24), 122.0 (4), 
128.1 (6), 129.1 (7), 149.0 (3), 149.1 (3), 157.1 (2), 160.0 (3), 161.0 (3), 185.1 (2), 
195.0 (100), 196.0 (12), 197.0 (10), 292.1 (6). 
 Analysis: C16H20OS2 (292.45) 
  calcd: C, 65.71 H, 6.89 
  found: C, 65.77 H, 6.97    
 TLC: Rf  0.28 (silica gel, hexanes/TBME 4:1, UV/I2) 
 
Preparation of 3-(2-Phenyl-1,3-dithian-2-yl)cyclopentan-1-one (77b) [LRC-10-12] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv). The flask was evacuated and backfilled with Ar twice, 
then 2-cyclopenten-1-one 76b (82 mg, 84 μL, 1.0 mmol, 1.0 equiv) and THF (12.5 mL, 0.08 M) 
were added by syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, 
and cooled to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol 
%) was added dropwise as a freshly prepared solution in THF (0.2 M). The reaction turned bright 
yellow upon addition of fluoride and was stirred at –78 C. for 1 h. Reaction progress was 
monitored by disappearance of 76b by TLC (4:1 hexanes:TBME). The reaction was quenched at 
–78 C with 2.5 mL of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. The cooling 
bath was then removed and the reaction was stirred at rt for 1 h. The reaction mixture was 
transferred with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of sat. NaHCO3 
(aq) solution. The aqueous layer was separated and extracted with Et2O (1 × 30 mL). The combined 
organics was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 mL), dried over 
MgSO4, filtered (cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 C). The 
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colorless oil was dried under vacuum (0.1 Mm Hg, 25 C) for 1 h to yield 492 mg of a white solid. 
Adsoprtion of the crude material onto celite and purification by flash chromatography (30 g SiO2, 
170 mm × 25 mm, 10 mL fractions, hexanes/TBME gradient (200 mL each): 20:1 to 15:1 to 10:1 
to 5:1) yields the desired compound as a white solid, 264 mg (95%). An analytically pure sample 
was prepared by recrystallization. The solid was dissolved in a minimum of warm TBME (10 mL), 
cooled to room temperature, placed in a closed diffusion container with pentane and let crystallize 
at room temperature for 2 d. The fine white needles were collected by vacuum filtration, washed 
with pentane, and dried under reduced pressure at rt (0.1 mm Hg) for 2 h to yield 184 mg (66%) 
as fluffy white crystals. 
 
Data for 77b: 
m.p.: 126–128 °C (from TBME/pentane)  
1H NMR:  (500 MHz, CDCl3) 
  7.98 (d, J = 7.7 Hz, 2 H, HC(10)), 7.41 (t, J = 7.8 Hz, 2 H, HC(11)), 7.29 (t, J = 7.3 
Hz, 1 H, HC(12)), 2.77–2.57 (m, 5 H, H2C(7), HC(3)) , 2.32 (d, J = 9.7 Hz, 2 H, 
H2C(4)), 2.23–2.12 (m, 1 H, H2C(1)), 2.11–1.97 (m, 2 H, H2C(1), H2C(2)), 1.96–
1.77 (m, 3 H, H2C(8), H2C(2)). 
 13C NMR: (126 MHz, CDCl3) 
  217.4 (C(5)), 139.5 (C(9)), 130.0 (HC(10)), 128.9 (HC(11)), 127.4 (HC(12)), 62.7 
(C(6)), 49.9 (HC(3)), 40.8 (H2C(4)), 38.6 (H2C(1)), 27.6 (H2C(7)), 27.5 (H2C(7)), 
25.3 (H2C(8)), 24.4 (H2C(2)).  
 IR: (KBr) 
  2933 (w), 2989 (m), 2829 (w), 1732 (s), 1483 (m), 1441 (m), 1392 (m), 1275 (m), 
1240 (m), 1160 (m), 1124 (m), 1049 (w), 907 (w), 730 (w), 706 (m). 
 LRMS: (EI, 70 eV): 
  55.1 (4), 77.1 (8), 91.1 (4), 106.0 (5), 115.1 (16), 121.0 (28), 129.1 (13), 143.1 (6), 
148.0 (5), 162.0 (9), 171.1 (5), 176.0 (8), 204.1 (2), 195.0 (100), 278.1 (14). 
 Analysis: C15H18OS2 (278.43) 
  calcd: C, 64.71 H, 6.52 
  found: C, 64.56 H, 6.61    
 TLC: Rf 0.31 (silica gel, hexanes/TBME 4:1, UV/I2) 
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Preparation of 3-(2-Phenyl-1,3-dithian-2-yl)cycloheptan-1-one (77c) [LRC-10-21] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv). The flask was evacuated and backfilled with Ar twice, 
then 2-cyclohepten-1-one 76c (110 mg, 112 μL, 1.0 mmol, 1.0 equiv) and THF (12.5 mL, 0.08 M) 
were added by syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, 
and cooled to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol 
%) was added dropwise as a freshly prepared solution in THF (0.2 M). The reaction turned bright 
yellow upon addition of fluoride and was stirred at –78 C. for 1 h. Reaction progress was 
monitored by disappearance of enone by TLC (4:1 hexanes: TBME). The reaction was quenched 
at –78 C with 6.0 mL of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. The cooling 
bath was then removed and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction 
mixture was transferred with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of 
sat. NaHCO3 (aq) solution. The aqueous layer was separated and extracted with Et2O (1 × 30 mL). 
The combined organics was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 
mL), dried over MgSO4, filtered (cotton plug), and concentrated via rotary evaporation (15 mm 
Hg, 25 C). The colorless oil was dried under vacuum (0.1 mm Hg, 25 C) for 1 h to yield 428 mg 
of a thick colorless oil. Purification by flash chromatography (33 g SiO2, 180 mm × 25 mm, 10 
mL fractions, hexane/TBME gradient (200 mL each): 20:1 to 15:1 to 10:1 to 5:1) yields the desired 
compound as a white solid, 297 mg (97%). An analytically pure sample was prepared by 
recrystallization. The solid was dissolved in a minimum of boiling ethanol (10 mL), cooled to 
room temperature, and then crystallized at –20 °C for 2 d. The shiny white plates were collected 
by vacuum filtration, washed with ice-cold ethanol, and dried under reduced pressure at rt (0.1 mm 
Hg) for 2 h to yield 189 mg (62%) as fluffy white crystals. 
 
Data for 77c: 
m.p.: 96–97 °C (from EtOH) 
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1H NMR:  (500 MHz, CDCl3) 
  7.91 (d, J = 7.5 Hz, 2 H, HC(12)), 7.39 (t, J = 7.8 Hz, 2 H, HC(13)), 7.27 (t, J = 7.3 
Hz, 1 H, HC(14)), 2.77 (dt, J = 15.2, 2.4 Hz, 1 H, H2C(6)), 2.69–2.57 (m, 4 H, 
H2C(9)), 2.48 (ddd, J = 13.9, 12.3, 3.7 Hz, 1 H, H2C(1)), 2.42–2.33 (m, 3 H, H2C(1), 
H2C(6), H2C(4)), 2.25 (ddt, J =13.0, 9.9, 2.3 Hz, 1 H, HC(5)), 2.00–1.79 (m, 4 H, 
H2C(2), H2C(10), H2C(3)), 1.45 (tdd, 14.9, 12.0, 2.9 Hz, 1 H, H2(2)), 1.33 (dtt, J = 
14.8, 12.0. 2.7 Hz, 1 H, H2C(3)), 1.10 (dddd, J =14.6, 12.5, 10.2, 2.6 Hz, 1 H, 
H2C(4)).   
 13C NMR: (126 MHz, CDCl3) 
  213.5 (C(7)), 139.4 (C(11)), 130.1 (HC(13)), 128.6 (HC(13)), 127.3 (HC(14)), 64.8 
(C(8)), 48.4 (HC(5)), 45.6 (H2C(6)), 43.5 (H2C(1)), 31.7 (H2C(4)), 29.4 (H2C(3)), 
27.7 (H2C(9)), 27.6 (H2C(9)), 25.2 (H2C(10)), 25.1 (H2C(2)). 
 IR: (KBr) 
  2926 (s), 2898 (s), 2850 (m), 1698 (s), 1483 (m), 1441 (s), 1420 (m), 1344 (w), 
1268 (m), 1240 (w), 1202 (w), 1163 (w), 1035 (w), 758 (m), 706 (s). 
 LRMS: (EI, 70 eV) 
  51.0 (2), 55.1 (5), 77.1 (7), 91.1 (6), 106.0 (4), 115.1 (10), 121.0 (26), 129.1 (7), 
141.1 (3), 149.1 (3), 174.1 (2), 195.0 (100), 306.1 (6).  
 Analysis: C17H22OS2 (306.49) 
  calcd: C, 66.62 H, 7.24 
  found: C, 66.36 H, 7.31    
 TLC: Rf  0.32 (silica gel, hexanes/TBME 4:1, UV/I2) 
 
Preparation of (5R)-2-Methyl-3-(2-phenyl-1,3-dithian-2-yl)-5-(prop-1-en-2-yl)cyclo-
hexanone (77d) [LRC-10-25] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv). The flask was evacuated and backfilled with Ar twice, 
then (R)-(-)-carvone 76d (150 mg, 157 μL, 1.0 mmol, 1.0 equiv) and THF (12.5 mL, 0.08 M) was 
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added by syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, and 
cooled to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol %) 
was added dropwise as a solution in THF (0.2 M). The reaction turned bright yellow upon addition 
of fluoride and was stirred at –78 C for 1 h. Reaction progress was monitored by disappearance 
of enone as indicated by 1H NMR (15 μL aliquot in CDCl3, disappearance of peak at 6.75 ppm). 
Complete conversion was observed after 1 h and the reaction was quenched at –78 C with 6.0 mL 
of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. The cooling bath was then removed 
and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction mixture was transferred 
with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of sat. NaHCO3 (aq) solution. 
The aqueous layer was separated and extracted with Et2O (1 × 30 mL). The combined organics 
was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 mL), dried over Na2SO4, 
filtered (cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 C). The colorless 
oil was dried under vacuum (0.1 mm Hg, 25 C) for 1 h to yield 340 mg of a colorless thick oil. 
Adsorption of the crude material on celite and purification by flash chromatography (31 g SiO2, 
175 mm × 25 mm, 10 mL fractions, hexane/TBME gradient (200 mL each): 20:1 to 15:1 to 10:1 
to 5:1) yields the desired compound as a white solid, 341 mg (98%, mixture of 3 diastereomers dr 
12:3:1). For characterization a second column was performed for partial separation of the 
diastereomers ((31 g SiO2, 175 mm × 25 mm, 10 mL fractions, 10 % TBME in hexanes). The 
following fractions were collected: fraction 9-13 (diastereomer 1, Rf = 0.32, 9:1 hexanes:TBME), 
fractions 14-17 (mixture of diastereomer 1 & 2, Rf = 0.32, Rf = 0.29, 9:1 hexanes:TBME), and 
fractions 18-32 (mixture of diastereomer 1 & 3, Rf = 0.32, Rf = 0.20, 9:1 hexanes:TBME). 
Fractions 9-13 (enriched in the major diastereomer 1) yielded 180 mg, 52% as a white solid and 
was used for the following characterization. 
 
Data for 77d: 
m.p.: 100–104 °C (after column) 
1H NMR:  (500 MHz, CDCl3) 
7.93 (d, J = 7.6 Hz, 2 H, HC(15)), 7.40 (t, J = 7.9 Hz, 2 H, HC(16)), 7.28 (t, J = 7.3 
Hz, 1 H, HC(17)), 4.84 (br s, minor diastereomer, H2C(5)), 4.81–4.76 (m, 2 H, 
H2C(5)), 4.61 (br s, minor diastereomer, H2C(5)), 2.91–2.72 (m, 1 H, H2C(12)), 
2.70–2.56 (m, 3 H, H2C(12)), 2.45 (t, J = 14.4 Hz, 1 H, H2C(1)), 2.35 (br d, J = 
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12.9 Hz, 1 H, H2C(6)), 2.27 (dd, J = 7.1, 3.9 Hz, 1 H, HC(8)), 2.22–2.09 (m, 3 H, 
H2C(1), HC(2), HC(7)), 2.04 (dd, J = 13.1, 11.7 Hz, 1 H, H2C(6)), 1.91–1.81 (m, 2 
H, H2C(13)), 1.76 (s, 3 H, H3C(4)), 1.54 (s, minor diastereomer, H3C(4)), 1.26 (d, 
J = 7.2 Hz, minor diastereomer, H3C(9)), 1.21 (d, J = 7.1 Hz, 3 H, H3C(9)). 
 13C NMR: (126 MHz, CDCl3) 
  213.5 (O=C(10)), 147.3 (C(3)), 140.6 (C(14)), 129.5 (HC(15)), 128.8 (HC(16)), 
127.3 (HC(17)), 110.3 (H2C(5)), 63.8 (C(11)), 53.5 (HC(7)), 47.5 (HC(8)), 44.5 
(HC(2)), 42.3 (H2C(1)), 28.4 (H2C(12)), 27.7 (H2C(12)), 27.3 (H2C(6)), 25.1 
(H2C(13)), 20.6 (H3C(4)), 14.2 (H3C(9)). 
 IR: (KBr) 
  3073 (w), 3059 (w), 2961 (m), 2933 (m), 2898 (m), 2850 (m), 1708 (s), 1642 (m), 
1590 (w), 1479 (m), 1441 (m), 1420 (m), 1379 (m), 1240 (m), 1018 (m), 889 (m), 
744 (m), 702 (s). 
 LRMS: (EI, 70 eV) 
   106.0 (7), 121.0 (18), 129.1 (8), 195.0 (100), 196.0 (12), 197.0 (10), 346.1 (8). 
 HRMS: C20H27OS2 ([M+H]
+, Q-TOF MS ES+): 
  calcd: 347.1503 
  found: 347.1513     
 TLC: Rf 0.41 (major diastereomer, silica gel, hexanes/TBME 4:1, UV/I2) 
  Rf 0.35 (minor diastereomer, silica gel, hexanes/TBME 4:1, UV/I2) 
 
Preparation of 2-(2-Phenyl-1,3-dithian-2-yl)chroman-4-one (77e) [LRC-10-19] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv) and chromone 76e (146 mg, 1.0 mmol, 1.0 equiv). 
The flask was evacuated and backfilled with Ar twice, then THF (12.5 mL, 0.08 M) was added by 
syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, and cooled 
to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol %) was added 
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dropwise as a solution in THF (0.2 M). The reaction turned bright yellow upon addition of fluoride 
and was stirred at –78 C for 1 h over which the reaction color changed to orange. Reaction 
progress was monitored by disappearance of enone as indicated by TLC (4:1 hexanes: TBME). 
Complete conversion was observed after 1 h and the reaction was quenched at –78 C with 6.0 mL 
of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. The cooling bath was then removed 
and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction mixture was transferred 
with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of sat. NaHCO3 (aq) solution. 
The aqueous layer was separated and extracted with Et2O (1 × 30 mL). The combined organics 
was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 mL), dried over Na2SO4, 
filtered (cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 C). The colorless 
oil was dried under vacuum (0.1 mm Hg, 25 C) for 1 h to yield 404 mg of a colorless oil/solid 
mixture. Adsorption of the crude material on celite and purification by flash chromatography (32 
g SiO2, 175 mm × 25 mm, 10 mL fractions, hexane/TBME gradient (200 mL each): 20:1 to 15:1 
to 10:1 to 5:1) yields the desired compound as a white solid, 297 mg (87%). An analytically pure 
sample was prepared by recrystallization. The solid was dissolved in a minimum of boiling ethanol 
(10 mL), cooled to room temperature, and then crystallized at –20 °C for 2 d. The small white 
needles were collected by vacuum filtration, washed with ice-cold ethanol, and dried under 
reduced pressure at rt (0.1 mm Hg) for 2 h to yield 164 mg (48%) as small white needles. 
 
Data for 77e: 
m.p.: 140–141 °C (from EtOH) 
1H NMR:  (500 MHz, CDCl3) 
  8.02 (d, J = 7.4 Hz, 2 H, HC(14)), 7.79 (dd, J = 7.8 Hz, 1.5 Hz, 1 H, HC(2)), 7.46 
(ddd, J = 8.5, 7.2, 1.7 Hz, 2 H, HC(4)), 7.42 (t, J = 7.8 Hz, 2 H, HC(15)), 7.31 (t, J 
= 7.3 Hz, 1 H, HC(16)), 7.07 (d, J = 7.5 Hz, 1 H, HC(5)), 6.99 (t, J = 7.5 Hz, 1 H, 
HC(3)) , 4.73 (dd, J = 12.8, 3.5 Hz, 1 H, HC(7)) , 2.93–2.61 (m, 6 H, H2C(8), 
H2C(11)), 2.11–1.87 (m, 2 H, H2C(12)). 
13C NMR: (126 MHz, CDCl3) 
  129.0 (C(9)), 161.2 (C(1)), 137.2 (C(13)), 136.2 (HC(4)), 130.4 (HC(14)), 128.9 
(HC(15)), 128.0 (HC(16)), 126.9 (HC(2)), 121.9 (HC(3)), 121.0 (C(6)), 118.2 
(HC(5)), 84.0 (HC(7)), 62.3 (C(10)), 38.9 (H2C(8)), 27.6 (H2C(11)), 27.4 
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(H2C(11)), 25.0 (H2C(12)). 
 IR: (KBr) 
  3059 (w), 2933 (m), 2898 (m), 2850 (m), 1684 (s), 1604 (s), 1583 (m), 1465 (s), 
1309 (s), 1226 (s), 1150 (m), 1122 (m), 893 (m), 768 (s), 706 (m). 
 LRMS: (EI, 70 eV) 
  63.1 (4), 771. (6), 92.0 (5), 106.0 (4), 115.1 (10), 121.0 (26), 131.1 (3), 147.0 (5), 
178.1 (1), 195.0 (100), 207.1 (2), 236.1 (4). 
 LRMS: (CI+) 
  73.0 (4), 91.1 (3), 107.0 (9), 121.0 (41), 135.0 (10), 149.1 (9), 195.0 (70), 207.1 
(12), 221.1 (4), 237.1 (100), 265.1 (10), 343.1 (65), 371.1 (12), 383.1 (2).  
 Analysis: C19H18OS2 (342.07) 
  calcd: C, 66.63 H, 5.30 
  found: C, 66.40 H, 5.38    
 TLC: Rf  0.29 (silica gel, hexanes/TBME 4:1, UV/I2) 
 
Preparation of 1,3-Diphenyl-3-(2-phenyl-1,3-dithian-2-yl)propan-1-one (77f) [LRC-10-23] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv) and trans-chalcone 76f (208 mg, 1.0 mmol, 1.0 equiv). 
The flask was evacuated and backfilled with Ar twice, then THF (12.5 mL, 0.08 M) was added by 
syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, and cooled 
to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol %) was added 
dropwise as a solution in THF (0.2 M). The reaction turned bright yellow upon addition of fluoride 
and was stirred at –78 C for 1 h. Reaction progress was monitored by disappearance of enone as 
indicated by TLC (4:1 hexanes:TBME). Complete conversion was observed after 1 h and the 
reaction was quenched at –78 C with 6.0 mL of 2.0 M Cl3CCO2H in THF resulting in loss of 
color to pale yellow. The cooling bath was then removed and the reaction was warmed to rt and 
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stirred for 1 h 30 min. The reaction mixture was transferred with 50 mL of Et2O to a 125-mL 
separatory funnel containing 35 mL of sat. NaHCO3 (aq) solution. The aqueous layer was 
separated and extracted with Et2O (1 × 30 mL). The combined organics was washed with distilled 
water (2 × 25 mL) and saturated brine (1 × 30 mL), dried over Na2SO4, filtered (cotton plug), and 
concentrated via rotary evaporation (15 mm Hg, 25 C). The colorless oil was dried under vacuum 
(0.1 mm Hg, 25 C) for 2 h to yield 565 mg of a colorless oil/solid. Adsorption of the crude material 
on celite and purification by flash chromatography (32 g SiO2, 175 mm × 25 mm, 10 mL fractions, 
hexane/TBME gradient (200 mL each): 20:1 to 15:1 to 10:1 to 5:1) yields the desired compound 
as a pale yellow solid, 370 mg (91%). An analytically pure sample was prepared by 
recrystallization. The solid was dissolved in a minimum of warm chloroform (~5 mL), cooled to 
room temperature, and placed in a closed diffusion container with pentane and let crystallize at 
room temperature for one week. The small white needles were collected by vacuum filtration, 
washed with pentane, and dried under reduced pressure at rt (0.1 mm Hg) for 12 h to yield 309 mg 
(76%) as small white needles. 
 
Data for 77f: 
m.p.: 136–138 °C (from CHCl3/pentane) 
1H NMR:  (500 MHz, CDCl3) 
  7.84 (d, J = 7.2 Hz, 2 H, HC(3)), 7.77 (d, J = 7.5 Hz, 2 H, HC(16)), 7.50 (t, J = 7.4 
Hz, 1 H, HC(1)), 7.40 (t, J = 7.7 Hz, 2 H, HC(2)), 7.31 (t, J = 7.4 Hz, 2 H, HC(17)), 
7.27–7.20 (m, 1 H, HC(18)), 7.14–7.04 (m, 3 H, HC(9), HC(11)), 6.94 (d, J = 7.0 
Hz, 2 H, HC(10)), 4.00 (dd, J = 10.5, 3.1 Hz, 1 H, HC(7)), 3.94 (dd, J = 17.2, 3.1 
Hz, 1 H, H2C(6)), 3.61 (dd, J = 17.2, 10.5 Hz, 1 H, H2C(6)), 2.71–2.58 (m, 4 H, 
H2C(13)), 1.96–1.83 (m, 2 H, H2C(14)).  
 13C NMR: (126 MHz, CDCl3) 
  197.9 (C(5)), 139.5 (C(15)), 138.2 (C(8)), 137.1 (C(4)), 133.0 (HC(1)), 130.5 
(HC(16)), 130.2 (HC(10)), 128.6 (HC(2)), 128.3 (HC(17)), 128.2 (HC(3)), 127.3 
(HC(9)), 127.2 (HC(11)), 127.2 (HC(18)), 64.7 (C(12)), 53.4 (HC(7)), 40.3 
(H2C(6)), 27.9 (H2C(13)), 27.7 (H2C(13)), 24.9 ((H2C(14)). 
 IR: (KBr) 
  3052 (m), 3024 (m), 2891 (m), 2926 (m), 1680 (s), 1597 (m), 1576 (w), 1483 (m), 
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1444 (s), 1403 (m), 1344 (m), 1275 (s), 1073 (w), 983 (m), 907 (w), 751 (s), 699 
(s), 595 (m). 
 LRMS: (EI, 70 eV) 
   51.0 (6), 77.1 (23), 78.1 (3), 91.1 (4), 103.1 (3), 105.0 (27), 106.0 (3), 115.1 (4), 
121.0 (30), 122.0 (3), 165.1 (2), 178.1 (5), 179.1 (3), 191.1 (4), 192.1 (2), 193.1 (6), 
195.0 (100), 196.0 (22), 197.0 (16), 297.1 (9), 298.2 (12), 299.1 (4), 405.1 (5). 
 Analysis: C16H20OS2 (404.59) 
  calcd: C, 74.22 H, 5.98 
  found: C, 74.27 H, 5.94    
 TLC: Rf  0.38 (silica gel, hexanes/TBME 4:1, UV/I2/KMnO4) 
 
Preparation of 3-Methyl-3-(2-phenyl-1,3-dithian-2-yl)cyclohexan-1-one (77g) [LRC-10-17] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv). The flask was evacuated and backfilled with Ar twice, 
then 3-methyl-2-cyclohexen-1-one 76g (110 mg, 113.5 μL, 1.0 mmol, 1.0 equiv) and THF (12.5 
mL, 0.08 M) were added by syringe. The reaction was stirred under Ar, fitted with an internal 
temperature probe, and cooled to –78 C (dry ice/acetone). Tetrabutylammonium fluoride 
trihydrate (150 μL, 3 mol %) was added dropwise as a solution in THF (0.2 M). The reaction 
turned yellow upon addition of fluoride and was stirred at –78 C for 5 h. Reaction progress was 
monitored by disappearance of enone by 1H NMR (10 μL aliquot in CDCl3, monitor alkenyl peak 
of enone at 5.85 ppm). The reaction appeared to stall at nearly complete conversion and was 
quenched at –78 C with 6.0 mL of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. 
The cooling bath was then removed and the reaction was warmed to rt and stirred for 1 h 30 min. 
The reaction mixture was transferred with 50 mL of Et2O to a 125-mL separatory funnel containing 
35 mL of sat. NaHCO3 (aq) solution. The aqueous layer was separated and extracted with Et2O (1 
× 30 mL). The combined organics was washed with distilled water (2 × 25 mL) and saturated brine 
(1 × 30 mL), dried over Na2SO4, filtered (cotton plug), and concentrated via rotary evaporation 
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(15 mm Hg, 25 C). The colorless oil was dried under vacuum (0.1 mm Hg, 25 C) for 1 h to yield 
404 mg of a colorless oil. Adsorption of the crude material on celite and purification by flash 
chromatography (31 g SiO2, 175 mm × 25 mm, 10 mL fractions, hexane/TBME gradient (200 mL 
each): 20:1 to 15:1 to 10:1 to 5:1) yields the desired compound as a white solid, 247  mg (80%). 
An analytically pure sample was prepared by recrystallization. The solid was dissolved in a 
minimum of boiling methanol (5 mL), cooled to room temperature, and then crystallized at –20 
°C. The small crystals were collected by vacuum filtration, washed with ice-cold methanol, and 
dried under reduced pressure at rt (0.1 mm Hg) for 18 h to yield 202 mg (66%) as small white 
crystals. 
 
 Data for 77g: 
 m.p.: 106–108 °C (from MeOH) 
 1H NMR: (500 MHz, CDCl3) 
  7.97 (d, J = 7.9 Hz, 2 H, HC(12)), 7.40 (t, J = 7.8 Hz, 2 H, HC(13)), 7.27 (t, J = 7.2 
Hz, 1 H, HC(14)), 2.79 (br d, J = 13.8 Hz, 1 H, H2C(5)), 2.71–2.63 (m, 2 H, H2C(9)), 
2.62–2.50 (m, 2 H, H2C(9)), 2.35 (br d, J = 13.5 Hz, 1 H, H2C(5)), 2.28 (br d, J = 
14.0 Hz, 1 H, H2C(1)), 2.25–2.08 (m, 2 H, H2C(1), H2C(3)), 1.94 (ddt, J = 13.5, 
6.6, 3.2 Hz, 1 H, H2C(2)), 1.86–1.79 (m, 3 H, H2C(3), H2C(10)), 1.70 (tdt, J = 13.5, 
9.1, 4.2 Hz, 1 H, H2C (1)), 1.04 (s, 3 H, H3C(7)). 
 13C NMR: (126 MHz, CDCl3) 
  211.9 (O=C(6)), 137.1 (C(11)), 132.3 (HC(12)), 128.2 (HC(13)), 127.1 (HC(14)), 
70.4 (C(8)), 49.3 (H2C(5)), 47.4 C(4)), 40.9 (H2C(1)), 31.4 (H2C(3), 28.1 (H2C(9)), 
28.1 (H2C(9)), 25.2 (H2C(10)), 21.7 (H2C(2)), 20.0 (H3C(7)). 
 IR: 3052 (w), 2961 (s), 2989 (s), 1705 (s), 1587 (m), 1476 (m), 1441 (s), 1386 (s), 1347 
(m), 1313 (s), 1275 (s), 1233 (s), 1153 (m), 1108 (m), 1073 (m), 1035 (m), 907 (m), 
848 (m), 796 (m), 765 (m), 733 (s), 706 (s), 678 (m), 626 (m).  
 LRMS: (EI, 70 eV) 
  51.0 (3), 55.0 (7), 55.1 (6), 77.0 (7), 91.0 (5), 105.0 (2), 105.9 (4), 115.0 (5), 120.9 
(38), 121.9 (4), 122.9 (2), 127.0 (2), 128.0 (5), 129.0 (7), 194.9 (100), 195.9 (13), 
196.9 (10), 197.9 (1), 306.0 (3.4).  
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 Analysis: C17H22OS2 (306.49) 
  calcd: C, 66.62 H, 7.24 
  found: C, 66.49 H, 7.31    
 TLC: Rf  0.32 (silica gel, hexanes/TBME 4:1, UV/I2) 
 
Preparation of 4,4-Dimethyl-3-(2-phenyl-1,3-dithian-2-yl)cyclohexanone (77h) [LRC-10-32] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv). The flask was evacuated and backfilled with Ar twice, 
then 4,4-dimethyl-2-cyclohexen-1-one 76h (124 mg, 132 μL, 1.0 mmol, 1.0 equiv) and THF (12.5 
mL, 0.08 M) were added by syringe. The reaction was stirred under Ar, fitted with an internal 
temperature probe, and cooled to 0 C (ice bath). Tetrabutylammonium fluoride trihydrate (150 
μL, 3 mol %) was added dropwise as a solution in THF (0.2 M). The reaction turned bright yellow 
upon addition of fluoride and was stirred at 0 C for 30 min. Reaction progress was monitored by 
disappearance of enone by 1H NMR (15 μL aliquot in CDCl3, monitor alkenyl peaks of enone at 
5.66 and 5.81 ppm). Complete conversion was observed at 30 min and the reaction was quenched 
at 0 C with 5.0 mL of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. The cooling 
bath was then removed and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction 
mixture was transferred with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of 
sat. NaHCO3 (aq) solution. The aqueous layer was separated and extracted with Et2O (1 × 30 mL). 
The combined organics was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 
mL), dried over Na2SO4, filtered (cotton plug), and concentrated via rotary evaporation (15 mm 
Hg, 25 C). The colorless oil was dried under vacuum (0.1 mm Hg, 25 C) for 1 h to yield 567 mg 
of a white solid. Adsorption of the crude material on celite and purification by flash 
chromatography (31 g SiO2, 175 mm × 25 mm, 10 mL fractions, hexane/TBME gradient (200 mL 
each): 20:1 to 15:1 to 10:1 to 5:1) yields the desired compound as a white solid, 288 mg (89%). 
An analytically pure sample was prepared by recrystallization. The solid was dissolved in a 
minimum of boiling isopropyl alcohol (5 mL), cooled to room temperature, and then crystallized 
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at –20 °C. The crystals were collected by vacuum filtration, washed with ice-cold isopropanol, and 
dried under reduced pressure at rt (0.1 mm Hg) for 18 h to yield 222 mg (69%) as plate-like white 
crystals. 
 
Data for 77h: 
m.p.: 148–150 °C (from i-PrOH) 
1H NMR:  (500 MHz, CDCl3) 
  7.98 (d, J = 7.7 Hz, 2 H, HC(12)), 7.37 (t, J = 7.7 Hz, 2 H, HC(13)), 7.27 (t, J = 7.4 
Hz, 1 H, HC(14)), 3.12 (ddd, J = 15.7, 3.8, 1.8 Hz, 1 H, H2C(5)), 2.91 (dd, J = 15.6, 
12.9 Hz, 1 H, H2C(5)), 2.79 (ddd, J = 14.2, 9.6, 6.2 Hz, 1 H, H2C(9)), 2.63 (dt, J = 
14.1, 3.6 Hz, 1 H, H2C(9)), 2.59–2.54 (m, 2 H, H2C(9)), 2.39 (ddd, J = 15.6, 12.9, 
6.4 Hz, 1 H, H2C(1)), 2.29 (dd, J = 12.8, 3.9 Hz, 1 H, HC(4)), 2.21 (dtd, J = 15.6, 
4.5, 2.0 Hz, 1 H, H2C(1)), 1.87–1.80 (m, 2 H, H2C(10)), 1.54 (td, J = 13.2, 12.7, 
4.8 Hz, 1 H, H2C(2)), 1.44 (ddd, J = 13.9, 6.2, 4.2 Hz, 1 H, H2C(2)), 1.13 (s, 3 H, 
H3C(7)), 0.55 (s, 3 H, H3C(7)). 
 13C NMR: (126 MHz, CDCl3) 
  211.9 (O=C(6)), 141.3 (C(11)), 131.0 (HC(12)), 128.5 (HC(13)), 127.3 (HC(14)), 
65.1 (C(8)), 58.0 (HC(4)), 43.4 (H2C(2)), 41.8 (H2C(5)), 37.8 (H2C(1)), 36.5 (C(3)), 
31.1 (H3C(7)), 28.0 (H2C(9)), 28.0 (H2C(9)), 24.9 (H2C(10)), 22.6 (H3C(7)).  
 IR: 3045 (w), 2940 (s), 2905 (s), 1705 (s), 1479 (m), 1444 (m), 1420 (m), 1368 (m), 
1344 (m), 1299 (m), 1278 (m), 1240 (w), 1153 (m), 1122 (w), 1014 (m), 903 (w), 
855 (m), 754 (s), 702 (s). 
 LRMS: (EI, 70 eV) 
  51.0 (6), 55.1 (13), 69.0 (15), 77.0 (13), 91.0 (10), 106.0 (12), 115.0 (23), 121.0 
(34), 122.0 (5), 128.0 (6), 129.0 (8), 142.1 (5), 149.0 (8), 157.1 (8), 158.1 (7), 176.0 
(6), 177.0 (8), 195.0 (100), 196.0 (14), 197.0 (11), 320.1 (7), 321.1 (2), 322.1 (1). 
 Analysis: C18H24OS2 (320.51) 
  calcd: C, 67.45 H, 7.55 
  found: C, 66.29 H, 7.68    
 TLC: Rf 0.29 (silica gel, hexanes/TBME 4:1, UV/I2) 
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Preparation of 4-(2-Phenyl-1,3-dithian-2-yl)chroman-2-one (79a) [LRC-10-20] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv) and coumarin 78a (146 mg, 1.0 mmol, 1.0 equiv). The 
flask was evacuated and backfilled with Ar twice, then THF (12.5 mL, 0.08 M) was added by 
syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, and cooled 
to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol %) was added 
dropwise as a solution in THF (0.2 M). The reaction turned pale yellow upon addition of fluoride 
and was stirred at –78 C for 3.5 h over which the reaction color changed to orange. Reaction 
progress was monitored by disappearance of enone as indicated by TLC (4:1 hexane:TBME). 
Complete conversion was observed after 3.5 h and the reaction was quenched at –78 C with 6.0 
mL of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. The cooling bath was then 
removed and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction mixture was 
transferred with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of sat. NaHCO3 
(aq) solution. The aqueous layer was separated and extracted with Et2O (1 × 30 mL). The combined 
organics was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 mL), dried over 
Na2SO4, filtered (cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 C). The 
colorless oil was dried under vacuum (0.1 mm Hg, 25 C) for 1 h to yield 404 mg of a colorless 
oil/solid mixture. Adsorption of the crude material on celite and purification by flash 
chromatography (32 g SiO2, 175 mm × 25 mm, 10 mL fractions, 4:1 hexane:ethyl acetate isocratic 
elution) yields the desired compound as a white solid, 266 mg (78%). An analytically pure sample 
was prepared by recrystallization. The solid was dissolved in a minimum of boiling ethanol (10 
mL), cooled to room temperature, and then crystallized at –20 °C for 2 d. The small white needles 
were collected by vacuum filtration, washed with ice-cold ethanol, and dried under reduced 
pressure at rt (0.1 mm Hg) for 18 h to yield 118 mg (35%) as small white crystals. 
 
Data for 79a: 
m.p.: 194–195 °C (from EtOH) 
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1H NMR:  (500 MHz, CDCl3) 
  7.65 (br d, J = 6.8 Hz, 2 H, HC(14)), 7.36–7.19 (m, 4 H, HC(4), HC(15), HC(16)), 
7.02–6.98 (m, 2 H, HC(3), HC(5)), 6.88 (d, J = 8.0 Hz, 1 H, HC(2)), 3.55 (d, J = 
8.1 Hz, 1 H, H2C(8)), 3.53 (dd, J = 17.2, 1.0 Hz, 1 H, HC(7)), 2.75–2.61 (m, 4 H, 
H2C(8), H2C(11)), 2.52 (ddd, J = 14.4, 8.7, 6.4 Hz, 1 H, H2C(11)), 1.89 (dq, J = 
9.5, 5.4, 4.0 Hz, 2 H, H2C(12)). 
 13C NMR: (126 MHz, CDCl3) 
  167.0 (C(9)), 152.5 (C(1)), 137.1 (C(13)), 131.4 (HC(5)), 130.3 (HC(14)), 129.7 
(HC(4)), 128.7 (HC(16)), 128.3 (HC(15)), 123.3 (HC(3)), 119.2 (C(6)), 117.0 
(HC(2)), 63.8 (C(10)), 47.8 (HC(7)), 31.0 (H2C(8)), 27.7 (H2C(11)), 27.5 
(H2C(11)), 24.6 (H2C(12)). 
 IR: (KBr) 
  3059 (w), 2940 (m), 2891 (m), 1757 (s), 1604 (m), 1583 (w), 1483 (m), 1451 (s), 
1417 (m), 1340 (m), 1247 (s), 1212 (s), 1160 (s), 1111 (m), 1039 (m), 994 (w), 896 
(m), 772 (s), 740 (m), 699 (m).\ 
 LRMS: (EI, 70 eV) 
   51.0 (5), 63.1 (5), 77.1 (12), 91.1 (9), 118.0 (6), 121.0 (43), 122.0 (5), 123.0 (3), 
165.1 (6), 195.1 (100), 196.1 (14), 197.1 (10), 207.1 (8), 208.1 (6), 209.1 (1), 342.2 
(1). 
 Analysis: C19H18OS2 (342.07) 
  calcd: C, 66.63 H, 5.30 
  found: C, 66.40 H, 5.33    
 TLC: Rf  0.22 (silica gel, hexanes/TBME 4:1, UV/I2) 
 
Preparation of Methyl 3-Phenyl-3-(2-phenyl-1,3-dithian-2-yl)propanoate (79b) [LRC-10-24] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-phenyl-1,3-
dithiane 51a (403 mg, 1.5 mmol, 1.5 equiv) and methyl trans-cinnamate 78b (162 mg, 1.0 mmol, 
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1.0 equiv). The flask was evacuated and backfilled with Ar twice, then THF (12.5 mL, 0.08 M) 
was added by syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, 
and cooled to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol 
%) was added dropwise as a solution in THF (0.2 M). The reaction turned dim yellow upon 
addition of fluoride and was stirred at –78 C for 5 h. Reaction progress was monitored by 
disappearance of enone as indicated by TLC (4:1 hexanes:TBME). Complete conversion was 
observed after 5 h and the reaction was quenched at –78 C with 6.0 mL of 2.0 M Cl3CCO2H in 
THF resulting in loss of color. The cooling bath was then removed and the reaction was warmed 
to rt and stirred for 1 h 30 min. The reaction mixture was transferred with 50 mL of Et2O to a 125-
mL separatory funnel containing 35 mL of sat. NaHCO3 (aq) solution. The aqueous layer was 
separated and extracted with Et2O (1 × 30 mL). The combined organics was washed with distilled 
water (2 × 25 mL) and saturated brine (1 × 30 mL), dried over Na2SO4, filtered (cotton plug), and 
concentrated via rotary evaporation (15 mm Hg, 25 C). The colorless oil was dried under vacuum 
(0.1 mm Hg, 25 C) for 2 h to yield 517 mg of a colorless oil. Adsorption of the crude material on 
celite and purification by flash chromatography (33 g SiO2, 180 mm × 25 mm, 10 mL fractions, 
hexane/TBME gradient (200 mL each): 20:1 to 15:1 to 10:1) yields the desired compound as sticky 
colorless oil, 317 mg (88%).  
 
Data for 79b: 
1H NMR:  (500 MHz, CDCl3) 
  7.72 (d, J = 7.4 Hz, 2 H, HC(13)), 7.30 (t, J = 7.5 Hz, 2 H, HC(14)), 7.25 (t, J = 8.0 
Hz, 1 H, HC(15)), 7.17 (t, J = 7.1 Hz, 1 H, HC(8)), 7.13 (t, J = 7.3 Hz, 2 H, HC(7)), 
6.91 (d, J = 7.3 Hz, 2 H, HC(6)), 3.76 (dd, J = 3.6, 11.5 Hz, 1 H, HC(4)), 3.44 (s, 3 
H, H3C(1)), 3.29 (dd, J = 3.7, 16.1 Hz, 1 H, H2C(3)), 2.79 (dd, J = 11.6, 16.1 Hz, 1 
H, H2C(3)), 2.67–2.57 (m, 4 H, H2C(10)), 1.89–1.80 (m, 2 H, H2C(11)). 
 13C NMR: (126 MHz, CDCl3) 
  172.3 (O=C(2)), 138.8 (C(12)), 137.4 (C(5)), 130.7 (HC(13)), 130.2 (HC(6)), 128.3 
(HC(14)), 127.5 (HC(8)), 127.4 (HC(7)), 127.3 (HC(15)), 63.9 (C(9)), 54.1 
(HC(4)), 51.7 (H3C(1)), 35.9 (H2C(3)), 27.8 (H2C(10)), 27.7 (H2C(10)), 24.9 
(H2C(11)).  
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 IR: (KBr) 
  3024 (m), 2940 (m), 2885 (m), 1725 (s), 1587 (w), 1479 (m), 1431 (s), 1424 (s), 
1358 (s), 1337 (s), 1261 (s), 1222 (s), 1163 (s), 1143 (s), 1087 (w), 865 (m), 778 
(m), 699 (s). 
 LRMS: (EI, 70 eV) 
   77.0 (3), 105.0 (3), 115.1 (5), 121.0 (78), 122.0 (13), 123.0 (5), 178.1 (12), 195.0 
(100), 196.0 (28), 198.0 (18), 223.1 (7), 237.1 (10), 252.1 (16), 253.1 (8), 327.1 
(45), 328.1 (10), 329.1 (5), 358.1 (15), 359.1 (5). 
 HRMS: (ESI, [M+H]+): 
  calcd: 359.1139 
  found: 359.1142  
 TLC: Rf  0.38 (silica gel, hexanes/TBME 4:1, UV/I2) 
 
Preparation of 3-(2-(o-Tolyl)-1,3-dithian-2-yl)cyclohexanone (52b) 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 2-(o-tolyl)-1,3-
trimethylsilyldithiane 51b (424 mg, 1.5 mmol, 1.5 equiv). The flask was evacuated and backfilled 
with Ar twice, then 2-cyclohexenone 46 (96 mg, 97 μL, 1.0 mmol, 1.0 equiv) and THF (12.5 mL, 
0.08 M) were added by syringe. The reaction was stirred under Ar, fitted with an internal 
temperature probe, and cooled in a dry ice/isopropanol bath (I.T. = –73 C). Tetrabutylammonium 
fluoride trihydrate (150 μL, 3 mol %) was added dropwise as a solution in THF (0.2 M). The 
reaction turned yellow then brown red upon addition of fluoride and was stirred at –78 C for 30 
min. Reaction progress was monitored by disappearance of enone as indicated by TLC (4:1 
hexanes:TBME). Complete conversion was observed after 30 min and the reaction was quenched 
at –70 C with 6.0 mL of 2.0 M Cl3CCO2H in THF resulting in loss of color. The cooling bath was 
then removed and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction mixture 
was transferred with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of sat. 
NaHCO3 (aq) solution. The aqueous layer was separated and extracted with Et2O (1 × 30 mL). The 
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combined organics was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 mL), 
dried over Na2SO4, filtered (cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 
C). The colorless oil was dried under vacuum (0.1 mm Hg, 25 C) for 3 h to yield 482 mg of a 
yellow oil. Adsorption of the crude material on celite and purification by flash chromatography 
(32 g SiO2, 170 mm × 25 mm, 10 mL fractions, hexane/TBME gradient: 20:1 (100 mL) to 15:1 
(100 mL) to 10:1 (400 mL) to 4:1 (100 mL)) yields the desired compound as white solid, 287 mg 
(93%).  An analytically pure sample was prepared by recrystallization. The solid was dissolved in 
a minimum of boiling ethanol (10 mL), cooled to room temperature, and then crystallized at –20 
°C for 18 h. The shiny white plates were collected by vacuum filtration, washed with ice-cold 
ethanol, and dried under reduced pressure at rt (0.1 mm Hg) for 18 h to yield 213 mg (69%) as a 
white powder. 
 
Data for 52b: 
m.p.: 112–113 °C (EtOH) 
1H NMR:  (500 MHz, d6-DMSO) 
  8.03 (d, J = 7.8 Hz, 1 H, HC(11)), 7.30–7.16 (m, 3 H, HC(12), HC(13), HC(14)), 
2.85–2.75 (br m, 2 H, H2C(8)), 2.68–2.57 (br m, 5 H, HC(4), H2C(5), H2C(8)), 2.58 
(s, 3 H, H3C(16)), 2.30 (td, J = 14.0, 6.4 Hz, 1 H, H2C(1)),  2.11 (ddt, J = 14.5, 4.4, 
2.2 Hz, 1 H, H2C(1)), 1.95–1.82 (m, 2 H, H2C(2), H2C(3)), 1.77–1.60 (m, 3 H, 
H2C(3), H2C(9)), 1.52–1.35 (br m, 1 H, H2C(2)). 
 13C NMR: (126 MHz, d6-DMSO) 
  209.7 (O=C(6)), 137.4 (C(10), 136.4 (C(15)), 134.2 (HC(14)), 132.4 (HC(11)), 
127.3 (HC(12)), 125.5 (HC(13)), 64.4 (C(7)), 46.0 (HC(4)), 43.3 (H2C(5)), 40.4 
(H2C(1)), 27.4 (H2C(8)), 27.3 (H2C(8)), 26.3 (br, H2C(3)), 24.2 (H2C(2)), 23.8 
(H2C(9)), 23.8 (H3C(16)).  
 IR: (KBr) 
  3045 (w), 2940 (s), 2905 (s), 2864 (s), 1708 (s), 1472 (s), 1444 (s), 1420 (s), 1351 
(m), 1278 (s), 1254 (s), 1226 (s), 1184 (m), 1163 (w), 1094 (w), 907 (m), 855 (m), 
747 (s), 723 (m), 678 (w). 
 LRMS: (EI, 70 eV) 
   55.1 (5), 91.0 (10), 105.0 (5), 106.0 (15), 115.0 (9), 115.0 (9), 119.0 (5), 128.0 
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(12), 129.0 (16), 134.0 (10), 135.0 (56), 136.0 (13), 141.0 (5), 142.0 (6), 143.0 (8), 
161.0 (8), 209.0 (100), 210.0 (14), 211.0 (10), 231.0 (7), 232.0 (8), 306.0 (30), 
307.0 (6). 
 Analysis: C17H22OS2 (306.11) 
  calcd: C, 66.62 H, 7.24 
  found: C, 66.50 H, 7.29    
 TLC: Rf  0.20 (silica gel, hexanes/TBME 9:1, UV/I2) 
 
Preparation of 4-(2-(3-Oxocyclohexyl)-1,3-dithian-2-yl)benzonitrile (52c) 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 4-cyano-1,3-
trimethylsilyldithiane 51c (440 mg, 1.5 mmol, 1.5 equiv). The flask was evacuated and backfilled 
with Ar twice, then 2-cyclohexenone 46 (96 mg, 97 μL, 1.0 mmol, 1.0 equiv) and THF (12.5 mL, 
0.08 M) were added by syringe. The reaction was stirred under Ar, fitted with an internal 
temperature probe, and cooled in a dry ice/isopropanol bath (I.T. = –73 °C). Tetrabutylammonium 
fluoride trihydrate (150 μL, 3 mol %) was added dropwise as a solution in THF (0.2 M). The 
reaction turned yellow then bright orange upon addition of fluoride and was stirred at –78 C for 
30 min. Reaction progress was monitored by disappearance of enone as indicated by TLC (7:3 
hexanes:EtOAc). Complete conversion was observed after 30 min and the reaction was quenched 
at –70 C with 6.0 mL of 2.0 M Cl3CCO2H in THF resulting in loss of color. The cooling bath was 
removed and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction mixture was 
transferred with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of sat. NaHCO3 
(aq) solution. The aqueous layer was separated and extracted with Et2O (1 × 30 mL). The combined 
organics was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 mL), dried over 
Na2SO4, filtered (cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 C). The 
colorless oil was dried under vacuum (0.1 mm Hg, 25 C) for 3 h to yield 472 mg of a yellow oil. 
Adsorption of the crude material on celite and purification by flash chromatography (36 g SiO2, 
195 mm × 25 mm, 10 mL fractions, 15 % EtOAc in hexane isocratic elution (800 mL)) yields the 
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desired compound as a colorless foam, 358 mg (quant.). The solid was dissolved in a minimum of 
boiling ethanol (5 mL), cooled to room temperature, and then crystallized at –20 °C for 18 h. The 
small white needles were collected by vacuum filtration, washed with ice-cold ethanol and ice-
cold pentane, and dried under reduced pressure at rt (0.1 mm Hg) for 18 h to yield 283 mg (89%) 
as a white powder. 
 
Data for 52c: 
m.p.: 130–131 °C (from EtOH) 
1H NMR: (500 MHz, CDCl3) 
  8.08 (d, J = 8.5 Hz, 2 H, HC(11)), 7.71 (d, J = 8.5 Hz, 2 H, HC(12)), 2.70 (dt, J = 
14.5, 3.7 Hz, 1 H, H2C(8)), 2.61–2.50 (m, 3 H, H2C(5), H2C(8)), 2.32 (ddt, J = 14.9, 
4.0, 2.0 Hz, 1 H, H2C(1)), 2.28–2.08 (m, 4 H, H2C(1), H2C(2), HC(4), H2C(5)), 
2.04 (ddt, J = 12.6, 6.0, 3.0 Hz, 1 H, H2C(3)), 1.98–1.87 (m, 2 H, H2C(9)), 1.54–
1.38 (m, 2 H, H2C(2), H2C(3)). 
 13C NMR: (126 MHz, CDCl3) 
  210.1 (O=C(6)), 145.7 (C(13)), 132.5 (HC(12)), 131.1 (HC(11)), 118.7 (NC(14)), 
111.4 (C(10)), 63.2 (C(7)), 50.4 (HC(4)), 43.2 (H2C(5)), 41.1 (H2C(1)), 27.7 
H2C(8)), 27.6 H2C(8)), 26.5 (H2C(2)), 25.0 (H2C(9)), 24.5 (H2C(3)). 
 IR: (KBr) 
  2940 (m), 2905 (m), 2857 (m), 2216 (m), 1705 (s), 1597 (m), 1493 (m), 1448 (w), 
1403 (w), 1396 (w), 1271 (m), 1226 (m), 851 (m), 810 (w), 782 (w), 754 (w). 
 LRMS: (EI, 70 eV) 
   74.0 (4), 102.0 (5), 106.0 (7), 127.1 (4), 140.1. (9), 146.0 (46), 154.1 (7), 186.0 (4), 
220.0 (100), 221.0 (21), 222.0 (13), 317.1 (8).  
 Analysis: C17H19NOS2 (317.47) 
  calcd: C, 64.32 H, 4.41  
  found: C, 63.98 H, 4.40    
 TLC: Rf  0.15 (silica gel, hexanes/EtOAc 85:15, UV/I2) 
  
148 
 
Preparation of 3-(5,5-Diethyl-1,1-dioxido-2-phenethyl-1,3-dithian-2-yl)cyclohexan-1-one 
(73) [LRC-10-80] 
 
To a flame-dried, 25-mL Schlenk flask with septum and stir bar was added 
trimethylsilylphenethyldithiane 1,1-dioxide 72 (577 mg, 1.5 mmol, 1.5 equiv) The flask was 
evacuated and backfilled with Ar twice, then 2-cyclohexenone 46 (96 mg, 97 μL, 1.0 mmol, 1.0 
equiv) and THF (12.5 mL, 0.08 M) were added by syringe. The reaction was stirred under Ar, 
fitted with an internal temperature probe, and cooled to –78 C (dry ice/acetone). 
Tetrabutylammonium fluoride trihydrate (150 μL, 3 mol %) was added dropwise as a solution in 
THF (0.2 M). The reaction turned pale yellow upon addition of fluoride and was stirred at –78 C 
for 30 min. Reaction progress was monitored by disappearance of enone as indicated by TLC (4:1 
hexanes:EtOAc). Complete conversion was observed after 30 min and the reaction was quenched 
at –78 C with 6.0 mL of 2.0 M Cl3CCO2H in THF resulting in loss of color. The cooling bath was 
then removed and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction mixture 
was transferred with 50 mL of Et2O to a 125-mL separatory funnel containing 35 mL of sat. 
NaHCO3 (aq) solution. The aqueous layer was separated and extracted with Et2O (1 × 30 mL). The 
combined organics was washed with distilled water (2 × 25 mL) and saturated brine (1 × 30 mL), 
dried over Na2SO4, filtered (cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 
C). The colorless oil was dried under vacuum (0.1 mm Hg, 25 C) for 3 h to yield 482 mg of a 
yellow oil. Adsorption of the crude material on celite and purification by flash chromatography 
(32 g SiO2, 170 mm × 25 mm, 10 mL fractions, hexane/acetone gradient (200 mL each): 20:1 to 
10:1 to 4:1 to 2:1) yields the desired compound as white solid, 401 mg (98%). The solid was 
dissolved in a minimum of boiling isopropanol (10 mL), cooled to room temperature to start 
crystallization, and then cooled to –20 °C for 24 h. The small white crystals were collected by 
vacuum filtration, washed with room temperature pentane, and dried under reduced pressure at 55 
°C (0.1 mm Hg) for 18 h to yield 279 mg (68%) as a white powder. 
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Data for 73: 
m.p.: 193–194 °C (from i-PrOH) 
1H NMR: (500 MHz, CDCl3) 
  7.32 (t, J = 7.5 Hz, 2 H), 7.28–7.18 (m, 3 H), 3.06-2.59 (m, 8H ), 2.55–2.09 (m, 7 
H), 2.06–1.76 (m, 3 H), 1.69–1.33 (m, 3 H), 0.84 (ddd, J = 12.1, 8.5, 6.3 Hz, 6 H). 
 13C NMR: (126 MHz, CDCl3) 
  209.6, 209.2, 140.7, 140.7, 128.9, 128.5, 126.7, 72.7, 72.3, 58.2, 57.8, 44.3, 43.9, 
43.5, 42.5, 42.4, 42.1, 41.4, 41.1, 33.6, 33.5, 33.0, 32.7, 30.7, 30.5, 27.7, 27.6, 25.4, 
25.2, 7.4, 7.3. 
 IR: (KBr) 
  2968 (s), 2095 (m), 1725 (s), 1705 (s), 1493 (m), 1451 (m), 1292 (s), 1264 (s), 1226 
(m), 1115 (s), 848 (w), 778 (m), 747 (m), 699 (s). 
 LRMS: (EI, 70 eV) 
   65.0 (32), 69.1 (30), 79.1 (28), 91.0 (89), 97.1 (35), 115.1 (52), 117.1 (62), 129.1 
(35), 143.1 (31), 155.1 (43), 169.1 (27), 188.1 (20), 195.1 (34), 211.1 (40), 213.1 
(51), 245.1 (88), 247.1 (100), 248.1 (68), 253.2 (50), 293.1 (10), 344.2 (38), 374.2 
(18), 408.2 (8), 409.2 (4).  
 Analysis: C22H32O3S2 (408.61) 
  calcd: C, 64.67 H, 7.89  
  found: C, 64.76 H, 8.12    
 TLC: Rf  0.25 (silica gel, hexanes/acetone 4:1, UV/I2) 
  Rf  0.26 (silica gel, hexanes/acetone 4:1, UV/I2) 
 
4.4.2 Addition to trans-Cinnamaldehyde [LRC-10-90-94] 
 
To a flame-dried, 10-mL Schlenk flask with septum and stir bar was added silyldithiane 
51a (200 mg, 0.75 mmol, 1.5 equiv). The flask was evacuated and backfilled with Ar twice, then 
trans-cinnamaldehyde 87 (66 mg, 63 μL, 0.5 mmol, 1.0 equiv) and THF (6.0 mL, 0.08 M) were 
added by syringe. The reaction was stirred under Ar, fitted with an internal temperature probe, and 
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cooled to –78 C (dry ice/acetone). Tetrabutylammonium fluoride trihydrate (see Table S1 for 
equiv) was added dropwise as a freshly prepared solution in THF (0.2 M) and was stirred at –78 
C for the specified amount of time (see Table S1). The reaction was quenched at –78 C with 5.0 
mL of 2.0 M Cl3CCO2H in THF resulting in complete loss of color. The cooling bath was then 
removed and the reaction was stirred for at rt. The reaction mixture was transferred with 20 mL of 
Et2O to a 60-mL separatory funnel containing 15 mL of sat. NaHCO3 (aq) solution. The aqueous 
layer was separated and extracted with Et2O (1 × 20 mL). The combined organic layer was washed 
with distilled water (2 × 20 mL) and saturated brine (1 × 20 mL), dried over MgSO4, filtered 
(cotton plug), and concentrated via rotary evaporation (15 mm Hg, 25 C). The crude yellow oil 
was purified by flash chromatography (30 g SiO2, 170 mm × 25 mm, 10 mL fractions, 
hexane:TBME gradient (200 mL each): 20:1 to 15:1 to 10:1 to 4:1 to 2:1). Multiple products were 
isolated in the following order of elution (monitor by TLC in 9:1 hexanes:TBME): recovered silyl 
dithiane 51a (Rf 0.72), phenyl dithiane 58a (Rf 0.39), recovered 87 and 1,4-adduct 89 (coelute, Rf 
0.19) and 1,2-adduct 88 (Rf 0.08). 
 
Table 30. Addition of Silyl Phenyl Dithiane to trans-Cinnamaldehyde With Varying Fluoride 
Loadinga  
 
   yield (mg, %)c 
entry 
equiv. of 
n-Bu4NF·3H2O
b 
time 
(h) 
1,2-
addition 
(88) 
1,4-
addition 
(89) 
desilylation 
(58a) 
recovered 
silylated SM 
(51a) 
recovered 
aldehyde 
(87) 
1 0.03 1 11 mg, 
6% 
- - 187 mg, 
94% 
68 mg, 
quant. 
2 0.03 7 15 mg, 
9% 
- - 185 mg, 
93% 
56 mg, 
89% 
3 0.10 1 131 mg, 
80% 
12%d 39 mg, 
17% 
- 10%d 
4 1.0 1 125 mg, 
76% 
7%d 57 mg, 
38% 
- 5%d 
a All reactions were performed on a 0.5 mmol scale in THF [0.08 M] at ‒78 ºC with 1.5 equiv. of 51a, followed by 
quenching with 5 mL of 2 M Cl3CCO2H in THF. b Equivalents based upon 87. c Isolated yields of 
chromatographically homogeneous material. d Approximate yield by relative integration in the 1H NMR (CDCl3) 
in co-eluted fraction containing 89 and recovered 87 after chromatography. 
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Data for 88: 
 1H NMR: (400 MHz, CDCl3) 
  7.98 (d, J = 7.9 Hz, 2H), 7.40 (t, J = 7.7 Hz, 2H), 7.34–7.11 (m, 6H), 6.52 (d, J = 
15.8 Hz, 1H), 6.01 (dd, J = 15.8, 6.5 Hz, 1H), 4.52 (t, J = 5.6 Hz, 1H), 2.75–2.58 
(m, 4H), 2.43 (br d, J = 5.2 Hz, 1H), 1.91 (hept, J = 4.5 Hz, 2H). 
 TLC: Rf 0.08 (silica gel, hexanes/TBME 9:1, UV/KMnO4) 
Data for 89:  
 1H NMR: (400 MHz, CDCl3) 
  9.49 (dd, J = 2.6, 1.1 Hz, 1H), 7.71 (d, J = 8.1 Hz, 2H), 7.37–7.21 (m, 3H), 7.21–
7.11 (m, 3H), 6.89 (d, J = 8.4 Hz, 2H), 3.82 (dd, J = 10.9, 4.0 Hz, 1H), 3.35 (ddd, 
J = 17.3, 4.0, 1.1 Hz, 1H), 2.92 (ddd, J = 17.3, 10.8, 2.5 Hz, 1H), 2.63 (ddd, J = 
8.0, 4.9, 2.8 Hz, 4H), 1.86 (dddd, J = 9.8, 8.3, 5.4, 3.1 Hz, 2H). 
 TLC: Rf 0.19 (silica gel, hexanes/TBME 9:1, UV/IKMnO4) 
Data for 58a: 
 1H NMR: (400 MHz, CDCl3) 
  7.47 (d, J = 7.0 Hz, 2H), 7.37–7.27 (m, 3H), 5.17 (s, 1H), 3.07 (ddd, J = 14.6, 12.8, 
2.4 Hz, 2H), 2.91 (ddd, J = 14.5, 4.3, 2.9 Hz, 2H), 2.18 (dtt, J = 13.9, 4.6, 25 Hz, 
1H), 1.94 (dtt, J = 14.2, 12.4, 3.1 Hz, 1H). 
 TLC: Rf 0.39 (silica gel, hexanes/TBME 9:1, UV/KMnO4) 
Data for 51a: 
 1H NMR: (400 MHz, CDCl3) 
  7.90 (dd, J = 8.5, 1.1 Hz, 2H), 7.37 (td, J = 7.5, 1.9 Hz, 2H), 7.18 (ddt, J = 7.6, 6.9, 
1.2 Hz, 1H), 2.77 (tdd, J = 12.7, 2.8, 1.0 Hz, 2H), 2.43 (dddd, J = 13.3, 4.1, 3.2, 1.1 
Hz, 2H), 2.03 (qt, J = 12.7, 3.2 Hz, 1H), 1.89 (dtt, J = 10.8, 4.0, 2.0 Hz, 1H), 0.06 
(s, 9H). 
 TLC: Rf 0.72 (silica gel, hexanes/TBME9:1, UV/IKMnO4) 
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4.4.3 13C NMR Analysis of Nucleophile Generation [LRC-10-81] 
 
 To an oven-dried. 5–mm NMR tube was added tri(dimethylamino)sulfonium 
difluorotrimethylsilicate (TAS-F, 35.8 mg, 0.13 mmol, 1.0 equiv) under an Ar atmosphere in a dry 
box. The NMR tube was capped with a septum, sealed with parafilm, and removed from the dry 
box and flushed with Ar on a Schlenk line. To the NMR tube was added 0.5 mL d8-THF to give a 
heterogeneous pale yellow solution (TAS-F is not fully soluble). To a flame-dried, dram vial was 
added 51a (69.8 mg, 0.26 mmol, 2.0 equiv), backfilled with Ar twice, and dissolved in 0.4 mL 
THF to give a colorless, homogeneous solution. The NMR spectrometer (500 MHz) was cooled 
to an internal temperature of –78 ºC (calibrated by relative chemical shifts of pure methanol 
sample), and locked onto d8-THF sample of TAS-F. The NMR tube containing TAS-F was 
removed from the spectrometer, cooled to –78 ºC (CO2(s)/acetone bath), then 51a was added by 
syringe as a solution in THF (0.2 mL, 0.13 mmol, 1.0 equiv). The solution within the NMR tube 
immediate turned neon yellow but did not fully mix. The NMR tube was removed from the cooling 
bath, inverted once (to fully mix, upon which the solution turned bright red), and added to the 
NMR spectrometer (maintained at –78 ºC). Acquisition of a 13C NMR spectrum was performed 
immediately. Spectra are shown in Figures 22 and 23. 
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Figure 22. 13C NMR in d8-THF of (a) TAS-F reference spectrum, (b) starting silyl dithiane 51a 
reference spectrum, (c) dithiane 58a reference spectrum, and (d) immediate acquisition after 
addition 51a to TAS-F (mixture of 90 and 58a). 
 
 
 
Figure 23. 13C NMR Spectroscopic Observation of Dithianyl Anion 
51a 
58a 
90 
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4.4.4 Conjugate Addition Reactions using Chiral Quaternary Ammonium Fluoride Catalyst 
 
General Procedure 2:Reaction of 2-Phenyl-2-trimethylsilyl-1,3-dithiane and Cyclopenten-2-
one Using Chiral Ammonium Fluoride Catalyst (77b) [LRC-9-85] 
 
To a flame-dried, 10-mL Schlenk flask with septum and stir bar was added silyl phenyl 
dithiane 51a (100.7 mg, 0.375 mmol, 1.5 equiv). The flask was evacuated and backfilled with Ar 
twice, then 2-cyclopentenone 76b (21 mg, 21 μL, 0.25 mmol, 1.0 equiv) and THF (3.0 mL, 0.08 
M) were added by syringe. The reaction was stirred under Ar, fitted with an internal temperature 
probe, and cooled to –78 C (dry ice/acetone). To a flame-dried, dram vial was added fluoride 
catalyst 10 (4.8 mg, 0.0075 mmol, 3 mol %) and 0.25 mL THF. The fluoride salt was then added 
dropwise as a solution in THF via canula. The vial was rinsed with an additional 0.25 mL and 
transferred via canula. The reaction turned bright yellow upon addition of fluoride and was stirred 
at –78 C for 1 h. Reaction progress was monitored by disappearance of enone as indicated by 
TLC (85:15 hexanes:EtOAc). Complete conversion was observed after 1 h and the reaction was 
quenched at –78 C with 3.0 mL of 2.0 M Cl3CCO2H in THF resulting in loss of color. The cooling 
bath was then removed and the reaction was warmed to rt and stirred for 1 h 30 min. The reaction 
mixture was transferred with 20 mL of Et2O to a 60-mL separatory funnel containing 10 mL of 
sat. NaHCO3 (aq) solution. The aqueous layer was separated and extracted with Et2O (1 × 20 mL). 
The combined organics was washed with distilled water (2 × 15 mL) and saturated brine (1 × 20 
mL), dried over Na2SO4, filtered (cotton plug), and concentrated via rotary evaporation (15 mm 
Hg, 25 C) and dried under vacuum (0.1 mm Hg, 25 C) for 3 h to yield a yellow oil. Adsorption 
of the crude material on celite and purification by flash chromatography (SiO2, 170 mm × 15 mm, 
5 mL fractions, hexane/TBME gradient: 20:1 (150 mL) to 15:1 (150 mL) to 10:1 (200 mL)) yields 
the desired compound as a white solid, 63.3 mg (46%). The characterization data matched that 
previously observed for the addition with using TBAF.  
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Data for 77b: 
m.p.: 126–128 °C (from TBME/pentane)  
1H NMR:  (500 MHz, CDCl3) 
  7.98 (d, J = 7.7 Hz, 2 H, HC(10)), 7.41 (t, J = 7.8 Hz, 2 H, HC(11)), 7.29 (t, J = 7.3 
Hz, 1 H, HC(12)), 2.77–2.57 (m, 5 H, H2C(7), HC(3)) , 2.32 (d, J = 9.7 Hz, 2 H, 
H2C(4)), 2.23–2.12 (m, 1 H, H2C(1)), 2.11–1.97 (m, 2 H, H2C(1), H2C(2)), 1.96–
1.77 (m, 3 H, H2C(8), H2C(2)). 
 13C NMR: (126 MHz, CDCl3) 
  217.4 (C(5)), 139.5 (C(9)), 130.0 (HC(10)), 128.9 (HC(11)), 127.4 (HC(12)), 62.7 
(C(6)), 49.9 (HC(3)), 40.8 (H2C(4)), 38.6 (H2C(1)), 27.6 (H2C(7)), 27.5 (H2C(7)), 
25.3 (H2C(8)), 24.4 (H2C(2)).  
 IR: (KBr) 
  2933 (w), 2989 (m), 2829 (w), 1732 (s), 1483 (m), 1441 (m), 1392 (m), 1275 (m), 
1240 (m), 1160 (m), 1124 (m), 1049 (w), 907 (w), 730 (w), 706 (m). 
 LRMS: (EI, 70 eV): 
  55.1 (4), 77.1 (8), 91.1 (4), 106.0 (5), 115.1 (16), 121.0 (28), 129.1 (13), 143.1 (6), 
148.0 (5), 162.0 (9), 171.1 (5), 176.0 (8), 204.1 (2), 195.0 (100), 278.1 (14). 
 Analysis: C15H18OS2 (278.43) 
  calcd: C, 64.71 H, 6.52 
  found: C, 64.56 H, 6.61    
 TLC: Rf 0.31 (silica gel, hexanes/TBME 4:1, UV/I2) 
SFC: tR 6.37 min (37.8%); tR 8.45 min (62.2%) (Chiralpak AS, 10% MeOH in CO2, 2.5 
mL/min, 220 nm, 40 ºC)  
 
See section 2.4.7 (pp 44) for the results of testing all chiral catalysts following the above 
procedure. 
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4.4.5 Substrate Preparations 
Preparation of 2-Tolyl-1,3-dithiane (58b) [LRC-10-05] 
 
 2-Tolualdehyde 56b (2.40 g, 2.31 mL, 20.0 mmol, 1.0 equiv), 1,3-propanedithiol 57 (2.60 
g, 2.41 mL, 24.0 mmol, 1.2 equiv), and chloroform (100 mL, 0.2 M) were added under argon to a 
flame-dried, 250 mL two-necked round bottom flask fitted with an Ar inlet, stir bar, and internal 
temperature probe. The mixture was stirred at room temperature (25 °C) and iodine (508 mg, 2.0 
mmol, 0.10 equiv) was added in one portion as a solid. Upon addition of iodine the reaction mixture 
turned from colorless to yellow to deep red over 1 min and the internal temperature increased to 
35 °C. After stirring for 10 min, the reaction was complete by TLC (20:1 hexanes:TBME). The 
reaction was quenched by addition of 40 mL of 0.2 M aqueous Na2S2O3 at room temperature 
resulting in a biphasic yellow heterogeneous mixture. The reaction was stirred at rt for 20 min and 
then transferred to a 500 mL separatory funnel containing 100 mL of 10% aqueous NaOH. The 
organic layer was separated, and the aqueous layer was extracted with 100 mL CHCl3. The 
combined organics were washed with 10 % aqueous NaOH (1 × 100 mL), saturated aqueous NaCl 
(1 × 100 mL), and dried over Na2SO4. The pale yellow solution was concentrated by rotary 
evaporation (40 °C, 15 Mm Hg) and dried at room temperature under reduced pressure (0.1 mm 
Hg) for 4 h to give a white solid (4.33 g). The solid was dissolved in 40 mL of boiling EtOH and 
the insoluble solid was removed by hot filtration through a cotton plug. The filtrate was heated 
again to give a colorless solution, which crystallized slowly upon cooling to room temperature for 
1 h and then –20 °C for 14 h to yield thin colorless crystals (3.51 g, 83%). A second 
recrystallization from EtOH yielded an additional 400 mg (9.5%) with a melting point of 86–87 
°C. 
 
Data for 58b: 
m.p.:  89–90 °C (from EtOH) 
1H NMR:  (500 MHz, CDCl3) 
7.59 (dd, J = 7.4, 1.7 Hz, 1 H, HC(1)), 7.25–7.12 (m, 3 H, HC(2,3,4)), 5.33 (s, 1 H, 
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HC(8)), 3.09 (ddd, J = 14.9, 12.7, 2.4 Hz, 2 H, H2C(9)),  2.92 (dt, J = 14.5, 4.1 Hz, 
2 H, H2C(9)), 2.45 (s, 3 H, H3C(7)),  2.18 (dtt, J = 13.7, 4.4, 2.5 Hz, 1 H, H2C(10)), 
1.95 (dtt, J = 14.0, 12.6, 3.0 Hz, 1 H, H2C(10)).  
 13C NMR: (126 MHz, CDCl3) 
137.3 C(5), 135.1 C(6), 130.6 HC(3), 128.3  HC(2), 128.0 HC(1), 126.8 HC(4), 
48.4 HC(8), 32.6 H2C(9), 25.4 H2C(10), 19.2 H3C(7).  
 IR: (KBr) 
2933 (s), 2878 (s), 2822 (m), 1483 (s), 1458 (s), 1417 (s), 1379 (w), 1275 (s), 1181 
(s), 1035 (m), 907 (m), 872 (m), 754 (s), 671 (s). 
 LRMS: (EI, 70 eV): 
51.0 (3), 65.1 (3), 77.1 (6), 91.1 (13), 105.0 (40), 115.1 (2), 135.0 (100), 145.1 (7), 
153.0 (3), 195.0 (3), 210.1 (37). 
 Analysis: C11H14S2 (210.36) 
  calcd: C, 62.81 H, 6.71 
  found: C, 63.16 H, 6.69    
 TLC: Rf 0.29 (silica gel, hexanes/TBME 20:1, UV/I2) 
 
Preparation of 2-(2-Tolyl)-2-trimethylsilyl-1,3-dithiane (51b) [LRC-10-43] 
 
To a flame-dried, 25-mL Schlenk flask with stir bar, argon inlet, and internal temperature 
probe was added dithiane 58b (0.631 g, 3.0 mmol, 1.0 equiv) and THF (7.5 mL, 0.4 M). The 
reaction was stirred under Ar and cooled to –64 C (i-PrOH/cryocool) for 15 min, then n-BuLi 
(1.28 mL, 3.3 mmol, 2.57 M in hexane, 1.1 equiv) was added dropwise by syringe over 5 min 
maintaining the internal temperature below –60 C. Over the course of the addition the reaction 
mixture changed from colorless to red to pale yellow. The reaction was maintained at –60 C and 
stirred for 5 h, over which the reaction became bright neon yellow. Chlorotrimethylsilane (0.84 
mL, 2.0 mmol, 2.0 equiv) was then added dropwise over 5 min by syringe maintaining the internal 
temperature below –58 C. The reaction was stirred at 60 C for an additional 1 h over which the 
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reaction lost its color and a white precipitate forms. The reaction was quenched at –60 C with 5 
mL saturated aqueous ammonium chloride, removed from the bath, and warmed to room 
temperature. The reaction mixture was transferred to a 250 mL separatory funnel with 40 mL 
dichloromethane. The aqueous layer was extracted with 25 mL of dichloromethane twice and the 
combined organic layer was washed with 40 mL saturated brine. The solution was dried over 
MgSO4, concentrated (15 mm Hg, 25 °C), cooled to –20 C for 10 min to solidify, and dried at 
room temperature under reduced pressure (0.1 mm Hg) for 3 h to give 830 mg of a pale yellow 
waxy solid. 1H NMR (CDCl3) indicates approximately 5% of unreacted starting dithiane. The solid 
was dissolved in a minimum of boiling EtOH (10 mL), cooled to room temperature, and let 
crystallize at –20 °C for 18 h. The small white crystals were collected by vacuum filtration, washed 
with cold (0 °C) EtOH and pentane, and dried under reduced pressure at rt (0.1 mm Hg) for 18 h 
to yield 256 mg (30%) as small white crystals. The remaining material (551 mg) was purified by 
flash chromatography (34 g SiO2, 180 mm × 25 mm, 10 mL fractions, 30:1 hexane/TBME) to 
yield the desired compound as a white solid, 472 mg (56%). 
 
Data for 51b: 
 m.p.: 55–56 °C (from EtOH) 
1H NMR:  (500 MHz, CDCl3) 
 8.13 (d, J = 8.3 Hz, 1 H, HC(1)), 7.21 (t, J = 7.2 Hz, 1 H, HC(3)), 7.17-7.09 (m, 2 
H, HC(2), HC(4)), 2.80 (ddd, J = 14.4, 13.1, 2.9 Hz, H2C(9)), 2.66 (s, 3H, H3C(7)), 
2.52 (dt, J = 14.5, 3.8 Hz, 2 H, H2C(9)), 2.05 (dq, J = 12.8, 3.4 Hz, 1 H, H2C(10)), 
1.86 (ddt, J = 13.6, 6.8, 3.3 Hz, 1 H, H2C(10)), 0.12 (s, 9 H, ((H3C(11))3Si)).  
 13C NMR: (126 MHz, CDCl3) 
138.0 (C(6)), 137.3 (C(5)), 134.1 (HC(4)), 133.1 (HC(1)), 126.2 (HC(3)), 126.2 
(HC(2)), 48.7 (C(8)), 26.3 (H2C(9)), 25.9 (H3C(7)), 24.9 (H2C(24.9)), -2.5 
((H3C(11))3Si)). 
 IR: (KBr) 
2954 (m), 2905 (m), 1472 (m), 1271 (w), 1240 (m), 917 (m), 889 (m), 841 (s), 747 
(m). 
 LRMS: (EI, 70 eV): 
 73.1 (38), 74.1 (4), 91.0 (10), 115.0 (4), 118.1 (7), 134.0 (16), 135.0 (100), 136.0 
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(14), 137.0 (7), 148.0 (3), 149.0 (5), 161.0 (4), 177.0 (40), 178.0 (6), 193.0 (4), 
207.0 (4), 209.0 (76), 210.0 (14), 211.0 (10), 239.0 (9), 267.0 (8), 282.0 (33), 283.0 
(8), 284.0 (5). 
 Analysis: C14H22S2Si (282.54) 
  calcd: C, 59.51 H, 7.85 
  found: C, 59.23 H, 7.81    
 TLC: Rf 0.51 (silica gel, hexanes/TBME 20:1, UV/I2) 
 
Preparation of 2-(4-Cyanophenyl)-2-trimethylsilyl-1,3-dithiane (51c) [LRC-10-37] 
 
To a flame-dried, 25-mL Schlenk flask with stir bar, septum, and internal temperature 
probe was added dithiane 58c (443 mg, 2.0 mmol, 1.0 equiv) and THF (9.5 mL, 0.21 M). The 
reaction was stirred under Ar and cooled to –78 C (dry ice/i-PrOH) for 30 min. To a flame-dried, 
25-mL conical flask with Ar inlet and septum was added n-BuLi (0.86 mL, 2.2 mmol, 2.57 M in 
hexane, 1.1 equiv). The n-BuLi was cooled to –78 C (dry ice/i-PrOH) and added dropwise over 
3 min via canula while maintaining the internal temperature below –65 C. Over the course of the 
addition the reaction mixture changed from bright yellow to orange-red. The reaction was stirred 
at –78 C for an additional 15 min in which the reaction turned brown. Chlorotrimethylsilane (0.51 
mL, 4.0 mmol, 2.0 equiv) was then added slowly to the reaction flask by syringe over 5 min while 
maintaining the internal temperature below –70 C. The reaction mixture was stirred at –78 C for 
an additional 20 min, over which the color of the reaction diminished to yellow. The reaction was 
quenched at –70 C with the addition of 6 mL saturated ammonium chloride while maintaining 
the internal temperature below –50 C, then allowed to warm to rt. The reaction mixture was 
transferred to a 125-mL separatory funnel with 30 mL of dichloromethane and 30 mL distilled 
water. The aqueous layer was extracted with 30 mL of dichloromethane twice and the combined 
organic layer was washed with 30 mL saturated brine. The solution was dried over MgSO4, 
concentrated (10 mm Hg, 25 °C), and dried at room temperature under reduced pressure (0.1 mm 
Hg) for 12 h to yield the crude material as a pink solid. The solid was dissolved in a minimum of 
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boiling ethanol (5 mL), cooled to room temperature and then crystallized slowly at rt, followed by 
cooling to –20 °C. The needle-like crystals were collected by vacuum filtration, washed with ice-
cold EtOH, and dried under reduced pressure at rt (0.1 mm Hg) for 18 h to yield 340 mg (58%) as 
a white powder. (Note: Compound 51c is light-sensitive and will discolor to pink if stored for long 
periods of time). 
 
Data for 51c: 
 m.p.: 114–116 °C (from EtOH) 
1H NMR:  (500 MHz, CDCl3) 
8.05 (d, J = 8.6 Hz, 2 H, HC(2)), 7.66 (d, J = 8.6 Hz, 2 H, HC(3)), 2.66 (td, J = 
13.7, 13.1, 2.7 Hz, 2 H, H2C(7)), 2.47 (dt, J = 14.4, 3.9 Hz, 2 H, H2C(7)), 2.03 (dt, 
J = 12.6, 3.2 Hz, 1 H, H2C(8)), 1.93 (ddd, J = 13.8, 6.8, 3.3 Hz, 1 H, H2C(8)), 0.07 
(s, 9 H, (H3C(9))3Si)). 
 13C NMR: (126 MHz, CDCl3) 
147.6 (C(1)), 132.2 (HC(3)), 130.4 (HC(2)), 119.3 (C(4)), 109.1 (NC(5)), 47.9 
(C(6)), 25.5 (H2C(7)), 24.9 (H2C(8)), 3.9 ((H3C(9))3Si)). 
 IR: 2954 (m), 2898 (m), 2222 (s), 1597 (m), 1490 (s), 1403 (m), 1247 (s), 1143 (m), 
1018 (w), 1004 (m), 914 (s), 889 (m), 841 (s), 744 (m), 692 (w), 622 (w). 
 LRMS: (EI, 70 eV) 
51.3 (4), 53.3 (3), 58.2 (4), 59.3 (3), 69.0 (3), 73.2 (100), 74.1 (12.0), 75.1 (5), 102.1 
(25), 103.1 (5), 146.1 (33), 147.1 (3), 160.0 (5), 175.2 (4), 188.1 (5), 219.1 (15), 
220.1 (10), 221.1 (2), 293.2 (13), 294.2 (3), 295.2 (2). 
 Analysis: C14H19NS2Si (293.52) 
  calcd: C, 57.29 H, 6.52 N, 4.77 
  found: C, 57.23 H, 6.60  N, 4.68 
 TLC: Rf  0.22 (silica gel, hexanes/EtOAc 9:1, UV/I2) 
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Preparation of 5,5-Diethyl-2-phenethyl-1,3-dithiane (69) [LRC-10-76] 
 
 To a flame-dried, 250–mL, two-neck, round-bottomed flask fitted with an Ar inlet, stir bar, 
and internal temperature probe was added 3-phenylpropionaldehyde 59 (1.49 g, 1.37 mL, 11.1 
mmol, 1.0 equiv) and 60 mL of dichloromethane. The colorless solution was stirred at room 
temperature (25 °C) and 2,2-diethyl-1,3-dithiol (2.00 g, 12.17 mmol, 1.1 equiv) was added by 
cannula in 30 mL of dichloromethane to give a pale yellow solution. The reaction flask was then 
fitted with an internal termpature probe and cooled in an ice-water bath (I.T. = 0 °C). Boron 
trifluoride diethyl etherate (158 mg, 137 μL, 1.11 mmol, 0.10 equiv) was added dropwise by 
syringe over 2 min while maintaining the internal temperature below 3 °C. The ice bath was 
removed and the turbid yellow solution was stirred at room temperature for 1 h, after which the 
reaction was complete by TLC (9:1 hexanes:EtOAc). The reaction was quenched at rt with 40 mL 
of distilled water. The reaction was stirred at rt for 10 min and then transferred to a 250 mL 
separatory funnel containing 25 mL of sat. aqueous NaHCO3. The organic layer was separated, 
and the aqueous layer was extracted twice with 30 mL CH2Cl2. The combined organics were 
washed with 2 M aqueous NaOH (3 × 50 mL), saturated aqueous NaCl (1 × 50 mL), and dried 
over MgSO4. The pale yellow solution was concentrated by rotary evaporation (40 °C, 15 Mm Hg) 
to give a yellow oil which solidified upon cooling to –20 °C (3.05 g). The solid was adsorbed onto 
celite and purified by flash chromatography (122 g SiO2, 160 mm × 40 mm, 20 mL fractions, 
hexane/TBME gradient: 100:0 (900 mL) to 30:1 (300 mL) to 25:1 (500 mL)) to yield 2.34 g (75%) 
of a white crystalline solid. Trailing fractions that were visibly yellow were collected separately, 
containing 0.35 g (11%) as a yellow solid. The material after column purification contained a 
minor contaminant visible in the 1H NMR (dd at 4.59 ppm, integration of 0.05, see included 1H 
NMR spectra). This material was used directly in the next step without further purification. An 
analytically pure sample was prepared by recrystallization of a small portion of material (218 mg). 
The solid was dissolved a minimum of boiling EtOH, filtered hot through filter paper, allowed to 
cool to rt, then cooled to –20 °C for 18 h to yield 117 mg (54%) as a white fluffy crystals. 
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Data for 69: 
m.p.:  44–45 °C (from EtOH) 
1H NMR:  (500 MHz, CDCl3) 
7.32–7.25 (m, 2 H, HC(1)), 7.23–7.15 (m, 3 H, HC(2), HC(3)), 3.86 (t, J = 7.0 Hz, 
1 H, HC(7)), 2.82 (dd, J = 8.8, 6.8 Hz, 2 H, H2C(5)), 2.64 (d, J = 14.0 Hz, 2 H, 
H2C(8)), 2.56 (d, J = 14.0 Hz, 2 H, H2C(8)), 2.09 (dt, J = 9.4, 7.2 Hz, 2 H, H2C(6)), 
1.80 (q, J = 7.5 Hz, 2 H, H2C(10)), 1.35 (d, J = 7.5 Hz, 2 H, H2C(10)), 0.83 (t, J = 
7.5 Hz, 1 H, H3C(11)), 0.78 (t, J = 7.5 Hz, 1 H, H3C(11)). 
 13C NMR: (126 MHz, CDCl3) 
141.1 (C(4)), 128.6 (HC(2)), 128.6 (HC(1)), 126.2 (HC(3)), 46.7 (HC(7)), 39.2 
(H2C(8)), 36.5 (H2C(6)), 33.0 (H2C(5)), 31.1 (C(9)), 30.7 (H2C(10), 23.6 (H2C(10), 
7.4 (H3C(11)), 7.1 (H3C(11)).  
 IR: (KBr) 
3024 (w), 2954 (s), 2905 (s), 2871 (s), 1597 (w), 1493 (m), 1451 (s), 1424 (m), 
1375 (w), 1302 (s), 1264 (m), 1195 (m), 1146 (m), 1111 (m), 862 (2), 785 (m), 751 
(s), 699 (s). 
 LRMS: (EI, 70 eV): 
55.1 (19), 63.0 (13), 78.0 (11), 91.1 (59), 97.1 (23), 101.0 (5), 115.1 (15), 117.1 
(40), 118.1 (6), 129.1 (17), 149.0 (7), 159.1 (5), 175.1 (100), 176.1 (10), 177.1 (9), 
189.1 916), 190.1 (9), 280.1 (57), 281.1 (10), 282.1 (6). 
 Analysis: C16H24S2 (280.49) 
  calcd: C, 68.51 H, 8.62 
  found: C, 68.62 H, 8.73       
 TLC: Rf 0.65 (silica gel, hexanes/EtOAc 9:1, UV/I2) 
  
163 
 
Preparation of 5,5-Diethyl-2-phenethyl-1,3-dithiane-1,1-dioxide (71) [LRC-10-77, LRC-10-
78] 
 
To a 250–mL, 3-necked, round-bottomed flask fitted with a large stir bar, septum, Ar inlet, 
temperature probe, and 25-mL addition funnel, was added dithiane 69 (2.162 g, 7.71 mmol, 1.0 
equiv). The flask was evacuated and backfilled with Ar once. Methanol (59 mL, [0.13 M]) was 
added to give a heterogeneous white solution. The reaction was stirred and warmed in a warm 
water bath until starting dithiane went into solution (I.T. = 45 °C), then was cooled to rt. The 
addition funnel was charged with sodium periodate (1.733 g, 8.10 mmol, 1.05 equiv) as a solution 
in water (15.4 mL). The reaction flask was stirred vigorously and cooled in an ice-water bath (0 
°C) in which starting dithiane formed a finely dispersed white slurry. Aqueous periodate solution 
was added dropwise by addition funnel over a period of 15 min while maintaining the internal 
temperature below 5 °C. An immediate white precipitate formed. The ice-bath was then removed 
and the pale yellow heterogeneous mixture was stirred at room temperature for 1.5 h. Reaction 
progress was monitored by TLC for consumption of dithiane (9:1 hexanes:EtOAc; Rf = 0.58, 
UV/PMA) and appearance of sulfoxide (2% EtOH in CHCl3; Rf = 0.42, KMnO4). The reaction 
mixture was filtered through a celite plug, washed with an excess of CHCl3 (200 mL),  and 
concentrated by rotary evaporation to an approximate volume of 10 mL. The resulting solution 
was transferred to a 250 mL separatory funnel with EtOAc (30 mL) and distilled water (30 mL). 
Attempted extraction resulted in an inseparable emulsion which separated into distinct layers with 
addition of solid NaCl. The organic layer was separated and the aqueous layer was extracted with 
EtOAc (3 × 30 mL). The combined organic extracts were dried over Na2SO4, filtered (cotton plug), 
and concentrated by rotary evaporation (25 °C, 15 Mm Hg). The resulting oil was diluted with 
hexanes to give a precipitate and concentrated again, to give 2.24 g of crude sulfoxide 70 as an 
orange powder (98%). This crude material was used directly in the next step. 
To a 250 mL 1-neck round bottom flask fitted with a large stir bar, septum, and Ar inlet, 
was added crude sulfoxide 70 (7.71 mmol, 1.0 equiv). The flask was evacuated and backfilled with 
Ar twice. Anhydrous magnesium sulfate (2.784 g, 23.13 mmol, 3.0 equiv), tetrabutylammonium 
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bromide (0.249 g, 0.771 mmol, 0.1 equiv), dichloromethane (31 mL, [0.25 M]) and distilled water 
(31 mL, [0.25 M]) were added sequentially. The reaction was stirred under Ar at rt to give a yellow 
biphasic mixture. At room temperature, potassium permanganate (1.218 g, 7.71 mmol, 1.0 equiv) 
was added in one portion, in which the solution turns deep purple. The reaction was stirred 
rigorously (1100 rpm) at rt for 18 h, over which time the reaction turned brown and sulfoxide 70 
was completely consumed by TLC (1:1 hexanes:EtOAc). The reaction was quenched at rt by the 
addition of excess Na2S2O5 (15.5 g). Complete loss of color was observed within 10 min to give a 
cloudy white biphasic mixture. The reaction was transferred to a 250 mL separatory funnel with 
CHCl3 (40 mL) and distilled water (20 mL). The organic layer was separated, and the aqueous 
layer was extracted with CHCl3 (3 × 40 mL). The combined organic layer was washed with brine 
(1 × 60 mL), dried over MgSO4, filtered (cotton plug), and concentrated by rotary evaporation (25 
°C, 15 Mm Hg). Subsequent evacuation under high vacuum (0.1 mm Hg, 25 °C) for 1 h yield a 
thick, colorless oil (2.783 g). Adsorption of the crude material on celite and purification by flash 
chromatography (59 g SiO2, 170 mm × 35 mm, 20 mL fractions, hexanes:EtOAc gradient: 10:1 
(700 mL) to 4:1 (400 mL) to 2:1 (150 mL) to 1:1 (200 mL)) yields the desired compound as a 
white solid,  1.998 g (83% over 2 steps). An analytically pure sample was prepared by 
recrystallization. The solid (223 mg) was dissolved in a minimum of boiling chloroform (5 mL), 
cooled to room temperature, and then crystallized in a slow diffusion chamber with pentane at rt 
for 2 d. The colorless rod-like crystals were collected by vacuum filtration, washed with room 
temperature pentant, crushed, and dried under reduced pressure at rt (0.1 mm Hg) for 18 h to yield 
162 mg (73%) as a white powder. 
 
Data for 70: 
1H NMR:  (500 MHz, CDCl3) 
 7.29 (t, J = 7.5 Hz, 2 H), 7.25–7.17 (m, 3 H), 3.44 (dd, J = 9.6, 3.8 Hz, 1 H), 3.21 
(dd, J = 12.6, 2.4 Hz, 1 H), 2.98 (ddd, J = 14.4, 9.9, 4.9 Hz, 1 H), 2.80 (ddd, J = 
13.9, 9.7, 7.1 Hz, 1 H), 2.71–2.63 (m, 1 H), 2.64 (d, J = 14.2 Hz, 1 H), 2.40–2.35 
(m, 1 H), 2.35 (d, J = 12.7 Hz, 1 H), 2.02 (dtd, J = 14.5, 9.7, 5.0 Hz, 1 H), 1.90 (dq, 
J = 14.9, 7.5 Hz, 1 H), 1.78 (dq, J = 14.6, 7.4 Hz, 1 H), 1.39 (dq, J = 14.5, 7.5 Hz, 
2 H), 0.86 (td, J = 7.5, 3.8 Hz, 6 H).  
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 13C NMR: (126 MHz, CDCl3) 
  140.3, 128.7, 128.6, 126.4, 66.0, 63.0, 45.0, 39.2, 32.0, 31.6, 30.4, 25.6, 7.5, 7.2. 
 LRMS: (TOF-MS, ESI+) 
   297.1 (100, [M+1]+), 298.1 (20), 299.1 (15), 319.0 (10, [M+Na]+). 
 HRMS: (ESI, [M+H]+): 
  calcd: 297.1347 
  found: 297.1342 
Data for 71: 
 m.p.: 89–92 °C (from CHCl3/pentane) 
 1H NMR: (500 MHz, CDCl3) 
 7.30 (t, J = 7.5 Hz, 2 H, HC(1)), 7.25–7.19 (m, 3 H, HC(2), HC(3)), 3.73 (dd, J = 
9.8, 4.3 Hz, 1 H, HC(7)), 3.01 (d, J = 14.9 Hz, 1 H, H2C(9)), 3.02–2.93 (m, 1 H, 
H2C(5)), 2.79 (dt, J = 14.0, 8.2 Hz, 1 H, H2C(5)), 2.70 (d, J = 14.8 Hz, 1 H, H2C(9)), 
2.65–2.49 (m, 3 H, H2C(6), H2C(8)), 2.04–1.94 (m, 2 H, H2C(6), H2C(11)), 1.89 
(dq, J = 14.7, 7.5 Hz, 1 H, H2C(11)), 1.44 (sept, J = 7.1 Hz, 2 H, H2C(11), 0.85 (q, 
J = 7.5 Hz, 6 H, H3C(12)). 
 13C NMR: (126 MHz, CDCl3) 
139.8 (C(4)), 128.8 (HC(1)), 128.6 (HC(2)), 126.6 (HC(3)), 62.9 (HC(7)), 59.4 
(H2C(9)), 43.7 (C(10), 37.6 (H2C(8)), 32.0 (H2C(5)), 31.0 (H2C(11), 26.3 (H2C(6)), 
24.6 (H2C(11)), 7.5 (H3C(12)), 7.2 (H3C(12)). 
 IR: (KBr) 
3017 (m), 940 (s), 2968 (s), 2878 (s), 1597 (w), 1497 (m), 1455 (s), 1410 (m), 1389 
(m), 1316 (s), 1299 (s), 1268 (s), 1250 (s), 1202 (m), 1184 (m), 1146 (s), 1108 (s), 
917 (m), 862 (s), 782 (m), 745 (s), 706 (s). 
 LRMS: (EI, 70 eV): 
55.1 (13), 73.0 (14), 83.1 (8), 91.1 (84), 92.1 (15), 101.0 (9), 115.1 (28), 117.1 (69), 
118.1 (15), 143.1 (100), 144.1 (10), 156.1 (22), 157.1 (66), 170.1 (9), 248.2 (50), 
249.2 (10), 250.2 (5), 278.1 (15), 279.1 (5), 312.1 (16), 313.1 (4). 
 Analysis: C16H24O2S2 (312.49) 
  calcd: C, 61.50 H, 7.74 
  found: C, 61.40 H, 7.67       
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 TLC: Rf 0.09 (silica gel, hexanes/EtOAc 9:1, UV/I2) 
 
Preparation of 5,5-Diethyl-2-phenethyl-2-(trimethylsilyl)-1,3-dithiane 1,1-Dioxide (72) 
[LRC-10-79] 
 
 To a flame-dried, 100–mL Schlenk flask fitted with a stir bar and septum was added 
phenethyl dithiane dioxide 71 (1.776 g, 5.68 mmol, 1.0 equiv) and THF (14.2 mL, [0.40 M]). The 
reaction was stirred at room temperature, fitted with an internal temperature probe, and cooled to 
–63 °C in a dry ice/isopropanol bath. To the colorless, homogenous solution was added a 2.43 M 
solution of n-BuLi in hexanes (2.34 mL, 5.68 mmol, 1.0 equiv) dropwise by syringe over 8 min, 
maintaining the internal temperature below –60 °C. After addition, the yellow solution was 
allowed to warm to –30 °C slowly over 1 h (by no further addition of dry ice to bath). After 1 h, 
chlorotrimethylsilane (1.08 mL, 8.52 mmol, 1.5 equiv) was added dropwise by syringe while 
maintaining the internal temperature below –25 °C. The reaction was allowed to stir at –30 °C for 
5 additional minutes resulting in complete loss of color. The bath was then removed and the 
reaction was stirred at rt for 30 min. The reaction was quenched at rt by the addition of 10 mL of 
NH4Cl (aq). The reaction mixture was transferred to a 250 mL separatory funnel containing 40 mL 
of distilled water, extracted with CH2Cl2 (3 × 40 mL), washed with brine (1 × 60 mL), dried over 
MgSO4, and filtered (cotton plug). The colorless solution was concentrated by rotary evaporation 
(25 C, 15 Mm Hg) to give a crude white solid (2.16 g). The solid was adsorbed onto celite and 
purified by flash chromatography (56 g SiO2, 160 mm × 30 mm, 20 mL fractions, 10:1 
hexane/EtOAc isocatic elution (900 mL)) to yield 2.05 g (93%) as a white crystalline solid. An 
analytically pure sample was prepared by recrystallization. The solid (256 mg) was dissolved in a 
minimum of boiling acetone (10 mL), cooled to room temperature, and then crystallized at –20 °C 
for 18 h. The small white crystals were collected by vacuum filtration, washed with ice-cold 
acetone, and dried under reduced pressure at rt (0.1 mm Hg) for 18 h to yield 198 mg (77%) as a 
white powder. 
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Data for 72: 
 m.p.: 152–153 °C (from acetone) 
1H NMR:  (500 MHz, CDCl3) 
 7.32 (t, J = 7.4 Hz, 2 H, HC(1)), 7.26–7.19 (m, 3 H, HC(2), HC(3)), 3.05–2.95 (m, 
2 H, (H2C(5)), 2.93 (d, J = 14.6 Hz, 1 H, H2C(9)), 2.73 (d, J = 15.0 Hz, 1 H, H2C(9)), 
2.69 (d, J = 14.7 Hz, 1 H, H2C(8)), 2.52 (ddd, J  = 14.8 Hz, 12.3, 5.3 Hz, 1 H, 
H2C(6)), 2.33 (ddd, J = 14.8 Hz, 12.7 Hz, 4.9 Hz, 1 H, H2C(6)), 2.23 (d, J = 14.7 
Hz, 1 H, H2C(8)), 2.09 (dq, J = 14.8, 7.4 Hz, 1 H, H2C(11)), 1.92 (dq, J = 14.7, 7.4 
Hz, 1 H, H2C(11)), 1.38 (ddt, J = 16.8, 14.4, 7.1 Hz, 2 H, H2C(11)), 0.83 (dt, J = 
14.7, 7.4 Hz, 6 H, H3C(12)), 0.42 (s, 9 H, (H3C(13))3Si). 
 13C NMR: (126 MHz, CDCl3) 
141.5 (C(4)), 128.8 (HC(1)), 128.4 (HC(2)), 126.5 (HC(3)), 59.1 (C(7)), 55.4 
(H2C(9)), 43.9 (C(10)), 35.5 (H2C(5)), 32.6 (H2C(6)), 31.9 (H2C(11)), 31.4 
(H2C(8)), 24.3 (H2C(11)), 7.6 (H3C(12)), 7.0 (H3C(12)), -0.2 ((H3C(13))3Si). 
 IR: (KBr) 
3080 (m), 2961 (s), 2871 (s), 1597 (m), 1492 (m), 1451 (s), 1403 (s), 1382 (m), 
1299 (s), 1250 (s), 1202 (m), 1177 (m), 1139 (s), 1111 (s), 848 (s), 751 (s), 699 (s). 
 LRMS:  (EI, 70 eV): 
55.1 (11), 65.0 (5), 73.0 (95), 74.0 (8), 91.1 (77), 97.1 (6), 115.1 (33), 117.1 (62), 
130.1 (7), 147.0 (8), 153.0 (19), 157.1 (8), 162.1 (5), 221.1 (13), 229.1 (35), 248.2 
(9), 251.1 (68), 252.1 (12), 253.1 (9), 293.1 (100), 294.1 (21), 295.1 (15), 369.1 (6), 
384.2 (10).  
 Analysis: C19H32O2S2Si (384.67) 
  calcd: C, 59.33 H, 8.39 
  found: C, 59.13 H, 8.40       
 TLC: Rf 0.33 (silica gel, hexanes/EtOAc 9:1, UV/I2) 
 
4.4.6 Synthesis of Chiral Quaterary Ammonium Fluoride Catalysts 
4.4.6.1 1H/19F NMR Analysis of Fluoride Salts 
 Characterization of fluoride salts by quantitative 1H and 19F NMR was as follows. A sample 
of fluoride salt (5-10 mg) was accurately weighed into a 528 pp NMR tube under dry argon upon 
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which 0.7 mL of CD3OD was added. Proton signals were integrated in reference to an internal 
standard (C6H18Si2, 
1H NMR, -0.63 ppm) via 1H NMR spectroscopy using the following 
parameters: at = 4.665, d1 = 30.0, pw90 = 10.0, pw=pw90, nt=8. Fluoride signals were integrated 
in reference to an internal standard (C6F6, 
19F NMR, -162.9 ppm) via 19F NMR spectroscopy using 
the following parameters: at = 2.621, d1 = 22.5, pw90 = 22.8, pw=pw90, nt=20. Relaxation (t1) 
times for each proton or fluorine in both the standard and a representative sample were measured, 
and the delay (d1) time is set to be greater than the longer t1. A solution of each standard was 
prepared of known concentration in CDCl3 (1.513 M hexamethyldisilane, 0.729 M 
hexafluorobenzene) and contained in a sealed melting point capillary. The same set of standard 
capillaries was then used for measuring each fluoride salt. 
 Due to the differences in diameter of the NMR tube and the melting point capillary, a 
smaller portion of the standard solution is irradiated relative to the bulk NMR sample. A correction 
value was applied to account for this.194 The correction factor was calculated as shown below 
(
𝑟𝑠
2 − 𝑟𝑜
2
𝑟𝑟𝑒𝑓2
) = (
(2.1)2 − (0.825)2
(0.595)2
) = 10.53 
where rs is the inner radius of NMR tube containing the sample (2.1 mm), ro is the outer radii of 
the melting point capillary containing the standard (0.825 mm), and rref is the inner radii of the 
melting point capillary (0.595 mm).  
 The concentration of the fluoride salt (Cs) in the bulk NMR sample was calculated as shown 
below using the above correction factor 
𝐶𝑠 = 𝐴𝑠 ×
𝐶𝑟𝑒𝑓
(𝐴𝑟𝑒𝑓)(10.53)
  
where As is the integrated area of the peak in the fluoride salt (bulk NMR sample), Aref is the 
integrated area of the peak of the reference compound, and Cref is the concentration of the reference 
(which is known due to preparation). Using this calculated concentration, and the known volume 
of the NMR sample (0.7 mL), the number of mmol of fluoride salt can be calculated. Based upon 
the number of mmol times the formula weight, one can then calculate a weight percent of fluoride 
per mg of sample originally added to the NMR tube. Example spectra have been provided. 
  
169 
 
4.4.6.2 General Procedure 3: Preparation of Quaternary Ammonium Fluoride Salt 
Preparation of 9-Benzyloxy-1-[(3,5-diphenyl)phenylmethyl-(8S,9R)-cinchonidinium 
Fluoride (98q) 
 
To a 10-mL plastic pipette packed with cotton was added Amberlyst A26 OH- resin 
suspended in distilled H2O (11 mL, 10.6 meq). The Amberlyst resin was converted to its fluoride 
form with aqueous 1N hydrofluoric acid (30 mL) until the effluent pH was equal to 1 (pH paper, 
indicator on resin turns completely yellow). Excess acid was removed by H2O (600 mL) until the 
effluent pH was equal to 6 (pH paper, resin returns to original pink color), upon which the column 
was rinsed with methanol (30 mL). Cinchonidinium bromide 97q was dissolved in 5 mL methanol 
and was passed through the resin dropwise over a 2 h period. Absence of remaining bromide salt 
was tested qualitatively by precipitation with 0.1 M aqueous AgNO3 and 1.0 M aqueous HNO3. 
The collected fractions were concentrated by rotary evaporation without heat and dried under 
vacuum (0.1 mm Hg) for 14 h at room temperature to give 98q as a free-flowing pale yellow 
powder (>100% mass recovery due to retained methanol solvate). Fluoride salt was stored in an 
inert atmosphere of argon (to prevent absorption of atmospheric moisture). The catalyst was also 
stored at –20 ºC to slow decomposition by Hoffman elimination.  
Characterization of fluoride salt 98q by quantitative 1H and 19F NMR was as follows. A 
sample of fluoride salt (10.7 mg) was accurately weighed into a 528 pp NMR tube under dry argon 
upon which 0.7 mL of CD3OD was added. Proton signals were integrated in reference to an internal 
standard contained within a sealed capillary (hexamethyldisilane, C6H18Si2, 
1H NMR, -0.63 ppm) 
via 1H NMR spectroscopy using the following parameters: at = 4.665, d1 = 30.0, pw90 = 10.0, 
pw=pw90, nt=8. Fluoride signals were integrated in reference to an internal standard contained 
within the sealed capillary (hexafluorobenzene, C6F6, 
19F NMR, -162.9 ppm) via 19F NMR 
spectroscopy using the following parameters: at = 2.621, d1 = 22.5, pw90 = 22.8, pw=pw90, nt=20. 
Relaxation (t1) times for each proton or fluorine in both the standard and a representative sample 
were measured, and the delay (d1) time is set to be greater than the longer t1. A solution of each 
standard was prepared of known concentration in CDCl3 (1.513 M hexamethyldisilane, 0.729 M 
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hexafluorobenzene) and contained in a sealed melting point capillary. Due to the differences in 
diameter of the NMR tube and the melting point capillary, a smaller portion of the standard 
solution is irradiated relative to the bulk NMR sample. A correction value (10.53) was applied to 
account for this.194  
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Data for 98q: 
1H NMR:  (400 MHz, CD3OD) 
9.04 (d, J = 4.5 Hz, 1 H), 8.32–8.13 (m, 2 H), 8.05 (t, J = 1.7 Hz, 1 H), 7.98 (d, J = 
4.5 Hz, 1 H), 7.94 (t, J = 7.6 Hz, 1 H), 7.86 (t, J = 7.6 Hz, 1 H), 7.76 (d, J = 7.1 Hz, 
4 H), 7.68–7.54 (m, 8 H), 7.50–7.44 (m, 4 H), 7.36 (t, J = 7.4 Hz, 1 H), 6.50 (s, 1 
H), 5.68 (ddd, J = 17.3, 10.4, 7.0 Hz, 1 H), 5.10 (d, J = 17.2 Hz, 1 H), 5.01 (d, J = 
10.5 Hz, 1 H), 4.93 (d, J = 11.5 Hz, 1 H), 4.84 (d, J = 12.2 Hz, 1 H), 4.73 (d, J = 
12.2 Hz, 1 H), 4.62 (d, J = 11.5 Hz, 1 H), 4.24–4.14 (m, 1 H), 3.97 (t, J = 9.1 Hz, 1 
H), 3.70–3.50 (m, 2 H), 3.44 (ddd, J = 14.9, 10.4, 4.5 Hz, 1 H), 2.81–2.65 (m, 1 H), 
2.55–2.39 (m, 1 H), 2.32–2.14 (m, 1 H), 2.10 (br s, 1 H), 1.97–1.78 (m, 1 H), 1.72–
1.49 (m, 1 H).  
 19F NMR: (376 MHz, CD3OD) 
  -152.3 (br s). 
 
4.4.6.3 Characterization Data for Chiral Quaternary Ammonium Fluoride Salts 
Data for 1-Benzyl-9-methoxy-(8S, 9R)-cinchonidinium Fluoride (98a) 
 
 1H NMR: (500 MHz, CD3OD) 
  8.99 (d, J = 4.5 Hz, 1 H, HC(12)), 8.22 (d, J = 8.4 Hz, 1 H, HC(17)), 8.17 (d, J = 
8.3 Hz, 1 H, HC(14)), 7.90 (t, J = 7.4 Hz, 1 H, HC(15)), 7.86 – 7.78 (m, 2 H, HC(16, 
26)), 7.75 – 7.67 (m, 2 H, HC(11, 23)), 7.66 – 7.56 (m, 3 H, HC(23, 24)), 6.32 (s, 
1 H, HC(9)), 5.67 (ddd, J = 17.3, 10.4, 7.0 Hz, 1 H, HC(19)), 5.14 – 5.06 (m, 2 H, 
H2C(21, 20 trans), 5.01 (d, J = 10.5 Hz, 1 H, H2C(20) cis), 4.84 (d, J = 12.4, 1 Hz, 
H2C(21)), 4.21 (tt, J = 17.1, 8.5 Hz, 1 H, H2C(2)), 3.97 – 3.87 (m, 1 H, HC(8)), 
3.60 (s, 3 H, H3C(26)), 3.57 – 3.36 (m, 2 H, H2C(2,6)), 2.67 (t, J = 25.9 Hz, 1 H, 
HC(5)), 2.37 (dt, J = 25.7, 12.9 Hz, 1 H, H2C(7)), 2.32 – 2.13 (m, 1 H, H2C(3)), 
2.07 (t, J = 14.6 Hz, 1 H, HC(4)), 1.96 – 1.81 (m, 1 H, H2C(3)), 1.60 – 1.46 (m, 1 
H, H2C(7)). 
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 13C NMR: (126 MHz, CD3OD) 
153.5, 151.2 C(12), 149.4, 142.8, 138.4 C(11), 131.6 C(23), 131.4 C(15), 130.6 
C(14), 130.5 C(24), 129.4C(16), 128.6, 127.0, 124.0 C(17), 121.5 C(25), 117.7 
C(20), 76.0 C(9), 70.1 C(8), 66.2 C(21), 62.1 C(6), 57.4 C(26), 52.4 C(2), 39.6 
C(5), 28.0 C(4), 26.1 C(3), 22.5 C(7).  
 19F NMR: (376 MHz, CD3OD) 
−153.4. 
 
Data for 9-Methoxy-1-(1-naphthalenylmethyl)-(8S, 9R)-cinchonidinium Fluoride (98b) 
 
 1H NMR: (500 MHz, CD3OD) 
  9.02 (d, J = 4.5 Hz, 1 H, HC(12)), 8.34 (m, 2 H, HC(24,27)), 8.19 (m, 2 H, 
HC(25,30)), 8.09 (d, J = 8.2 Hz, 1 H, HC(17)), 8.00 (d, J = 7.1 Hz, 1 H, HC(14)), 
7.96 – 7.90 (m, 1 H), 7.90 – 7.83 (m, 2 H), 7.81 – 7.76 (m, 1 H), 7.76 – 7.70 (m, 1 
H), 7.66 (dd, J = 17.9, 10.6  Hz, 1 H), 6.54 (s, 1 H, HC(9)), 5.74 (d, J = 13.1 Hz, 1 
H, HC(21)), 5.68 (ddd, J = 17.3, 10.5, 7.0 Hz, 1 H, HC(19)), 5.28 (d, J = 13.1 Hz, 
1 H, HC(21)), 5.04 (d, J = 17.2 Hz, 1 H, H2C(20) trans), 5.00 (d, J = 10.5 Hz, 1 H, 
H2C(20) cis), 4.38 (ddd, J = 11.7, 8.0, 4.6 Hz, 1 H, H2C(2)), 4.16 (t, J = 9.1 Hz, 1 
H, HC(8)), 3.73 (s, 3 H, H3C(32)), 3.68 (ddd, J = 13.5, 5.7, 3.6 Hz, 1 H, H2C(6)), 
3.55 – 3.47 (m, 1 H, H2C(6)), 2.63 (s, 1 H, HC(5)), 2.42 (dd, J = 13.2, 7.8 Hz, 1 H, 
H2C(7)), 2.31 – 2.16 (m, 1 H, H2C(3)), 2.04 (t, J = 11.0 Hz, 1 H, HC(4)), 1.80 (t, J 
= 9.6 Hz, 1 H, H2C(3)), 1.56 (dd, J = 13.6, 10.6 Hz, 1 H, H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
151.1 C(12), 149.3, 143.0, 138.5, 135.8 C(23), 135.7, 134.7, 133.3 C(24), 131.5 
C(11), 130.8 C(16), 130.7, 129.3 C(30), 129.1 C(23), 127.7 C(28), 127.1, 126.5 
C(29), 124.4 C(14), 124.3 C(17), 123.9, 121.4 C(15), 117.7 C(20), 76.1 C(9), 70.1 
C(8), 62.6 C(6), 62.1, 57.4 C(32), 53.5 C(2), 39.3 C(5), 27.7 C(4), 26.0 C(3), 22.8 
C(7). 
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 19F NMR: (376 MHz, CD3OD) 
−153.5.  
 
Data for 9-Methoxy-1-(2-fluorophenyl)methyl-(8S, 9R)-cinchonidinium Fluoride (98c) 
 
 1H NMR: (500 MHz, CD3OD) 
  9.00 (d, J = 4.5 Hz, 1 H, HC(12)), 8.45 (s, 2 H, HC(23)), 8.29 (s, 1 H, HC(25)), 
8.23 (d, J = 8.4 Hz, 1 H, HC(17)), 8.18 (d, J = 7.8 Hz, 1 H, HC(14)), 7.94 – 7.81 
(m, 3 H, HC(11, 15, 16)), 6.28 (s, 1 H, HC(9)), 5.67 (ddd, J = 17.3, 10.5, 7.0 Hz, 1 
H, HC(19)), 5.26 (d, J = 12.6 Hz, 1 H, HC(21)), 5.11 (d, J = 17.2 Hz, 1 H, HC(20) 
trans), 5.05 (d, J = 12.6 Hz, 1 H, HC(21)), 5.02 (d, J = 10.5 Hz, 1 H, HC(20) cis), 
4.45 – 4.33 (m, 1 H, H2C(2)), 3.93 (t, J = 9.1 Hz, 1 H, HC(8)), 3.62 (s, 3 H, 
H3C(27)), 3.56 (ddd, J = 12.3, 5.0, 3.1 Hz, 1 H, H2C(6)), 3.52 – 3.41 (m, 2 H, 
H2C(2,6)), 2.82 – 2.61 (m, 1 H, HC(5)), 2.49 – 2.37 (m, 1 H, H2C(7)), 2.31 – 2.20 
(m, 1 H, H2C(3)), 2.12 (d, J = 2.8 Hz, 1 H, H2C(4)), 1.92 (tt, J = 24.7, 12.3 Hz, 1 
H, HC(3)), 1.62 – 1.50 (m, 1 H, H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
164.7 C(27), 162.7 C(22), 151.0 C(12), 149.2 C(13), 142.9 C(18), 138.5 C(19), 
136.8 C(11), 134.9 C(24), 131.4 C(16), 130.6 C(17), 129.3 C(26), 127.0 C(25), 
124.0 C(14), 121.3 C(23), 117.7 C(20), 116.2 C(10), 76.1 C(9), 69.8 C(8), 62.1 
C(6), 59.0 C(21), 57.3 C(28), 53.0 C(2), 39.1 C(5), 27.8 C(4), 25.9 C(3), 22.8 C(7). 
 19F NMR: (376 MHz, CD3OD) 
  −113.6 (F–C(27)), -153.36 (F−). 
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Data for 1-[[3,5-Bis(trifluoromethyl)phenyl]methyl]-9-methoxy-(8S,9R)-cinchonidinium Fluoride 
(98d) 
 
  
1H NMR:  (500 MHz, CD3OD) 
  9.00 (d, J = 4.5 Hz, 1 H, HC(12)), 8.45 (s, 2 H, HC(23)), 8.29 (s, 1 H, HC(25)), 
8.23 (d, J = 8.4  Hz, 1 H, HC(17)), 8.18 (d, J = 7.8 Hz, 1 H, HC(14)), 7.95 – 7.89 
(m, 1 H, HC(15)), 7.84 (m, 2 H, HC(16, 11)), 6.28 (s, 1 H, HC(9)), 5.68 (dq, J = 
10.5, 7.2 Hz, 1 H, HC(19)), 5.26 (d, J = 12.6 Hz, 1 H, H2C(21)), 5.11 (d, J = 17.2 
Hz, 1 H, H2C(20) trans), 5.05 (d, J = 12.6 Hz, 1 H, H2C(21)), 5.02 (d, J = 10.5 Hz, 
1 H, H2C(20) cis), 4.45 – 4.33 (m, 1 H, H2C(2)), 3.93 (t, J = 9.1 Hz, 1 H, HC(8)), 
3.58 – 3.51 (m, 1 H, H2C(6)), 3.63 (s, 3 H, H3C(27)), 23.51 – 3.40 (m, 2 H, 
H2C(2,6)), 2.83 – 2.61 (m, 1 H, HC(5)), 2.50 – 2.35 (m, 1 H, H2C(7)), 2.32 – 2.19 
(m, 1 H, H2C(3)), 2.13 (t, J = 10.1 Hz, 1 H, HC(4)), 1.92 (tt, J = 24.7, 12.3 Hz, 1 
H, H2C(3)), 1.65 – 1.48 (m, 1 H, H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
151.1 C(12), 149.3, 142.7, 138.4 C(19), 135.4, 133.9, 133.7, 131.8 C(14), 131.4 
C(11), 130.8 C(25), 129.3 C(15), 126.9 C(17), 123.6, 121.3 C(16), 117.8 C(20), 
75.8 C(9), 70.7 C(8), 64.2 C(21), 62.0 C(6), 57.4 C(27), 53.1 C(2), 39.0 C(5), 27.9 
C(4), 25.8 C(3), 22.7 C(7). 
 19F NMR: (376 MHz, CD3OD) 
−64.6 F3C(26), −152.9 (F−). 
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Data for 1-[(3,5-di-tert-Butyl)phenylmethyl]-9-methoxy-(8S, 9R)-cinchonidinium Fluoride (98e) 
 
 1H NMR: (500 MHz, CD3OD) 
  8.99 (d, J = 4.6 Hz, 1 H, HC(12)), 8.23 – 8.14 (m, 2 H, HC(17, 14)), 7.91 (ddd, J = 
8.3, 7.0, 1.1 Hz, 1 H, HC(15)), 7.86 – 7.79 (m, 2 H, HC(11, 16)), 7.69 (t, J = 1.7 
Hz, 1 H, HC(25)), 7.55 (d, J = 1.7 Hz, 2 H, HC(23)), 6.32 (s, 1 H, HC(9)), 5.68 
(ddd, J = 17.4, 10.5, 7.1 Hz, 1 H, HC(19)), 5.13 – 5.07 (m, 2 H, H2C(20, 21 trans), 
5.02 (d, J = 10.5 Hz, 1 H, H2C(20) cis), 4.83 (d, J = 12.3 Hz, 1 H, H2C(21)), 4.18 
(m, 1 H, H2C(2)), 3.86 (m, 1 H, HC(8)), 3.61 (s, 3 H, H3C(28)), 3.55 – 3.38 (m, 3 
H, H2C(2,6)), 2.81  – 2.64 (m, 1 H, HC(5)), 2.39 (dt, J = 30.8, 14.3 Hz, 1 H, H2C(7)), 
2.32 – 2.19 (m, 1 H, H2C(3)), 2.08 (d, J = 3.0 Hz, 1 H, HC(4)), 1.99 – 1.85 (m, 1 
H, H2C(3)), 1.60 – 1.49 (m, 1 H, H2C(7)), 1.40 (s, 18 H,  H3C(27)). 
 19F NMR: (376 MHz, CD3OD) 
−153.2. 
 
Data for 1-(2-Cyanophenylmethyl)-9-methoxy -(8S, 9R)-cinchonidinium Fluoride (98f) 
 
 1H NMR: (500 MHz, CD3OD) 
  9.00 (d, J = 4.5 Hz, 1 H, HC(12)), 8.26 (d, J = 8.3 Hz, 1 H, HC(17)), 8.18 (d, J = 
8.4 Hz, 1 H, HC(14)), 8.06 (dd, J = 7.7, 1.0 Hz, 1 H, HC(15)), 8.02 (d, J = 7.7 Hz, 
1 H, HC(11)), 7.95 (td, J = 7.7, 1.2 Hz , 1 H, HC(16), 7.93 –7.79 (m, 4 H, HC(24, 
25, 26, 27)), 6.38 (s, 1 H, HC(9)), 5.69 (ddd, J = 17.2, 10.5, 6.6 Hz, 1 H, HC(19)), 
5.38 (d, J = 13.1 Hz, 1 H, H2C(21)), 5.15 (d, J = 17.2 Hz, 1 H, H2C(20) trans), 5.10 
(d, J = 13.0 Hz, 1 H, H2C(21)), 5.02 (d, J = 10.5 Hz, 1 H, H2C(20) cis), 4.60 – 4.49 
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(m, 1 H, H2C(2)), 4.02 (t, J = 9.3 Hz, 1 H, HC(8)), 3.73 (ddd, J = 19.8, 12.1, 7.8 
Hz, 1 H, H2C(6)), 3.67 – 3.64 (s, 3 H, H3C(29)), 3.47 – 3.33 (m, 2 H, H2C(2,6)), 
2.76 (br s, 1 H, HC(5)), 2.41 – 2.32 (m, 1 H, H2C(7)), 2.29 – 2.17 (m, 1 H, H2C(3)), 
2.13 (m, 1 H, HC(4)), 1.97 – 1.83 (m, 1 H, H2C(3)), 1.55 – 1.43 (m, 1 H, H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
151.1 C(12) , 149.2, 142.6, 138.5, 136.5, 135.5, 135.0 C(11), 132.8, 131.6 C(23), 
131.4 C(14), 130.7 C(24), 129.3 C(16), 126.9, 123.7 C(17), 121.3 C(25), 118.9 
C(20), 117.9 C(20), 76.3 C(9), 69.9 C(8), 63.0 C(21), 62.4 C(6), 57.7 C(26), 53.1 
C(2), 39.0 C(5), 27.5 C(4), 25.9 C(3), 23.0 C(7). 
 19F NMR: (376 MHz, CD3OD) 
−153.7. 
 
Data for 9-Methoxy-1-(9-anthracenylmethyl)--(8S,9R)-cinchonidinium Fluoride (98g) 
 
1H NMR:  (400 MHz, CD3OD) 
  9.05 (d, J = 4.5 Hz, 1 H), 8.92 (s, 1 H), 8.69 (d, J = 9.1 Hz, 1 H), 8.52 (d, J = 8.8 
Hz, 2 H), 8.33-8.18 (m, 3 H), 8.02-7.89 (m, 3 H), 7.89-7.77 (m, 2 H), 7.66 (td, J = 
8.4, 6.4 Hz, 2 H), 6.82 (s, 1 H), 6.44 (d, J = 13.9 Hz, 1 H), 5.85 (d, J = 13.9 Hz, 
1H), 5.67 (ddd, J = 17.4, 10.2, 7.3 Hz, 1 H), 4.97 (d, J = 14.0 Hz, 1 H), 4.96 (d, J = 
10.0 Hz, 1 H) 4.49 (m, 1 H), 4.39 (t, J = 8.9 Hz, 1 H), 3.85 (s, 3 H), 3.73 (m, 1 H), 
3.25 (m, 1 H), 2.93 (m, 1 H), 2.42 (m, 2 H), 2.15 (m, 1 H), 1.95 (m, 1 H), 1.60 (m, 
2 H). 
19F NMR:  (376 MHz, CD3OD) 
−153.5. 
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Data for 1-Benzyl-9-benzyloxy-(8S,9R)-cinchonidinium Fluoride (98h) 
 
 1H NMR: (500 MHz, CD3OD) 
  9.03 (d, J = 4.4 Hz, 1 H), HC(12), 8.20 (d, J = 8.3 Hz, 2 H, HC(14, 17)), 7.94 (m, 
2 H, HC(11, 15)), 7.84 (t, J = 7.6 Hz, 1 H, HC(16)), 7.64 – 7.52 (m, 5 H), 7.52 – 
7.37 (m, 5 H), 6.44 (s, 1 H, HC(9)), 5.66 (ddd, J = 17.3, 10.4, 7.1 Hz, 1 H, HC(19)), 
5.09 (d, J = 17.1 Hz, 1 H, H2C(20) trans), 5.01 (d, J = 10.5 Hz, 1 H, H2C(20) cis), 
4.88 (d, J = 11.4 Hz, 1 H, H2C(21)), 4.72 – 4.59 (m, 3 H, H2C(21, 26)), 4.11 (td, J 
= 11.4, 4.3 Hz, 1 H, H2C(2)), 3.92 (t, J = 9.1 Hz, 1 H, HC(8)), 3.45 (d, J = 8.2 Hz, 
2 H, H2C(6)), 2.67 (d, J = 7.4 Hz, 1 H, HC(5)), 2.44 (dd, J = 24.8, 17.1 Hz, 1 H, 
H2C(7)), 2.19 (t, J = 11.6 Hz, 1 H, H2C(3)), 2.08 (br s, 1 H, HC(4)), 1.84 (t, J = 
10.6 Hz, 1 H, H2C(3)), 1.58 (t, J = 11.9 Hz, 1 H, H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
151.1, 149.3 C(12), 142.9, 138.5, 137.6 C(19), 134.7, 131.9 C(11), 131.5 C(15), 
130.8 C(22), 130.4 C(23), 130.4 C(24), 130.2 C(25), 130.1 C(28), 129.4 C(29), 
128.2 C(30), 126.9, 123.6 C(17), 121.7 C(16), 117.6 C(20), 72.4 C(9), 69.7 C(21), 
65.4 C(8), 62.1 C(6), 52.7 C(2), 38.9 C(5), 27.9 C(4), 25.8 C(3), 22.7 C(7). 
 19F NMR: (376 MHz, CD3OD) 
−153.6. 
 
Data for 9-Benzyloxy-1-(1-naphthalenylmethyl)--(8S,9R)-cinchonidinium Fluoride (98i) 
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 1H NMR: (500 MHz, CD3OD) 
  9.06 (d, J = 3.9 Hz, 1 H, HC(12)), 8.37 (br s, 1 H, HC(17)), 8.23 (d, J = 8.3 Hz, 1 
H, HC(14)), 8.16 (d, J = 8.1 Hz, 1 H, HC(11)), 8.05 (m, 3 H), 7.93 (m, 2 H), 7.79 
(d, J = 6.8 Hz, 1 H), 7.65 (m, 4 H), 7.50 (m, 4 H), 6.74 (s, 1 H, HC(9)), 5.75 – 5.62 
(m, 1 H, HC(19)), 5.47 (d, J = 12.9 Hz, 1 H, H2C(32)), 5.22 (d, J = 13.0 Hz, 1 H, 
H2C(32)), 5.07 (d, J = 17.1 Hz, 1 H, H2C(20) trans), 4.98 (m, 2 H, H2C(21,20) cis), 
4.78 (d, J = 11.2 Hz, 1 H, H2C(21)), 4.26 (m, 1 H, H2C(2)), 4.18 (t, J = 8.7 Hz, 1 
H, HC(8)), 3.64 (d, J = 12.1 Hz, 1 H, H2C(6)), 3.45 (t, J = 11.6 Hz, 1 H, H2C(6)), 
3.17 (m, 1 H, H2C(2)), 2.57 (m, 1 H, HC(5)), 2.55 – 2.45 (m, 1 H, H2C(7)), 2.18 
(m, 1 H, H2C(3)), 2.05 (m, 1 H, HC(4)), 1.74 (m, 1 H, H2C(3)), 1.61 (t, J = 11.6 
Hz, 1 H, H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
  151.1 C(12), 149.5, 143.1, 138.5, 138.0, 135.8, 135.8, 134.2, 133.2, 131.5 
C(16),130.6 C(15), 130.2, 129.9, 129.8, 129.5, 128.8, 127.5, 127.0, 126.4, 124.4, 
124.2 C(26), 121.8 C(27), 117.7 C(20), 74.1 C(9), 72.6 C(32), 69.7 C(8), 62.5 C(6), 
61.8 C(21), 53.4 C(2), 39.1 C(5), 27.6 C(4), 25.9 C(3), 23.1 C(7). 
19F NMR:  (376 MHz, CD3OD) 
−153.2. 
 
Data for 9-Benzyloxy-1-(2-fluorophenyl)methyl-(8S,9R)-cinchonidinium Fluoride (98j) 
 
 1H NMR: (500 MHz, CD3OD) 
  9.03 (d, J = 4.4 Hz, 1 H, HC(12)), 8.24 (d, J = 7.3 Hz, 1 H, HC(17)), 8.20 (d, J = 
8.4 Hz, 1 H, HC(14)), 7.94 (m, 2 H, HC(11, 15)), 7.85 (t, J = 7.5 Hz, 1 H, HC(16)), 
7.75 – 7.64 (m, 2 H, HC(24,25), 7.60 (m, 2 H, HC(30)), 7.56 – 7.35 (m, 5 H, HC(26, 
23, 31, 32)), 6.53 (s, 1 H, HC(9)), 5.68 (ddd, J = 17.3, 10.4, 7.2 Hz, 1 H, HC(19)), 
5.10 (d, J = 17.2 Hz, 1 H, H2C(20) trans), 5.04 – 4.96 (m, 2 H, H2C(21, 20)  cis), 
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4.81 (d, J = 11.0 Hz, 1 H, H2C(28)), 4.76 (d, J = 12.6 Hz, 1 H, H2C(21)), 4.68 (t, J 
= 11.3 Hz , 1 H, H2C(28)), 4.19 (m, 1 H, H2C(2)), 4.01 (t, J = 9.1 Hz, 1 H, HC(8))), 
3.63 – 3.44 (m, 2 H, H2C(6)), 3.21 (m, 1 H, H2C(2)),  2.70 (d, J = 6.7 Hz, 1 H, 
HC(5)), 2.55 – 2.32 (m, 1 H, H2C(7)), 2.15 (t, J = 11.1 Hz, 1 H, H2C(3)), 2.08 (br 
s, 1 H, HC(4)), 1.83 (t, J = 24.1 Hz, 1 H, H2C(3)), 1.57 (t, J = 11.9 Hz, 1H , H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
164.6, 162.6, 151.1 C(12), 149.3, 142.8, 138.4 C(19), 137.5, 136.7 C(25), 135.0 
C(24), 134.9, 131.5 C(16), 130.7 C(26), 130.2 C(14), 130.1 C(30), 130.0 C(23), 
129.4 C(15), 126.9 C(31), 126.5 C(32), 126.5, 123.7 C(17), 121.7 C(11), 117.8, 
117.7 C(20), 117.6 C(32), 115.9, 115.8, 73.5 C(9), 72.6 C(28), 69.8 C(8), 62.2 C(6), 
59.0 C(21), 52.9 C(2), 39.0 C(5), 27.7 C(3), 25.8 C(4), 22.8 C(7). 
 19F NMR: (376 MHz, CD3OD) 
−113.0 FC(27), −153.4 (F−). 
 
Data for 1-[[3,5-Bis(trifluoromethyl)phenyl]methyl]-9-benzyloxy-(8S,9R)-cinchonidinium 
Fluoride (98l) 
 
 1H NMR: (500 MHz, CD3OD) 
  9.03 (d, J = 4.4 Hz, 1 H, HC(12)), 8.27 (s, 1 H, HC(25)), 8.21 (d, J = 8.4 Hz, 2 H, 
HC(14, 17)), 8.11 (s, 2 H, HC(23)), 7.95 (dd, J = 12.7, 6.0 Hz, 2 H, HC(15, 16)), 
7.86 (t, J = 7.6 Hz, 1 H, HC(11)), 7.60 (d, J = 7.5 Hz, 2 H, HC(29)), 7.50 (t, J = 7.4 
Hz, 2 H, HC(30)), 7.42 (t, J = 7.3 Hz, 1 H, HC(31)), 6.43 (s, 1 H, HC(9)), 5.67 
(ddd, J = 17.3, 10.3, 7.2 Hz, 1 H, HC(19)), 5.10 (d, J = 17.1 Hz, 1 H, H2C(20) 
trans), 5.02 (d, J = 10.5 Hz, 1 H, H2C(20) cis), 4.90 (m, 2 H, H2C(21, 27)), 4.72 (d, 
J = 12.5 Hz, 1 H, H2C(21), 4.65 (d, J = 11.5, 1 H, H2C(27)), 4.19 (m, 1 H, H2C(2)), 
4.01 (t, J = 9.1 Hz, 1 H, HC(8))), 3.63 – 3.44 (m, 2 H, H2C(6)), 3.21 (m, 1 H, 
H2C(2)),  2.70 (d, J = 6.7 Hz, 1 H, HC(5)), 2.55 – 2.32 (m, 1 H, H2C(7)), 2.15 (t, J 
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= 11.1 Hz, 1 H, H2C(3)), 2.08 (br s, 1 H, HC(4)), 1.83 (t, J = 24.1 Hz, 1 H, H2C(3)), 
1.57 (t, J = 11.9 Hz, 1H , H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
151.2 C(12), 149.3, 142.8, 138.3 C(19), 137.8, 135.2 C(14, 17), 133.8 (q, JCF = 
33.7, C(26)), 131.5 C(11), 131.4, 130.9, 130.4, 130.3 C(29), 130.1 C(30), 129.5 
C(31), 126.9, 125.9 C(23), 123.5, 121.7 C(15, 16), 117.9 C(20), 73.0 C(9), 72.5 
C(27), 70.5 (8), 63.8 C(21), 62.1 C(6), 52.9 C(2), 38.9 C(5), 27.8 C(4), 25.7 C(3), 
22.7 C(7). 
 19F NMR: (376 MHz, CD3OD) 
−64.5 FC(26), −153.9 (F−). 
 
Data for 9-Benzyloxy-1-[(3,5-di-tert-butyl)phenylmethyl]-(8S,9R)-cinchonidinium Fluoride 
(98k) 
 
 1H NMR: (500 MHz, CD3OD) 
  9.04 (d, J = 4.5 Hz, 1 H, HC(12)), 8.21 (d, J = 8.3 Hz, 2 H, HC(14, 17)), 8.03 – 
7.80 (m, 3 H, HC(11, 15, 16)), 7.64 (s, 1 H, HC(25)), 7.49 (m, 5 H, HC(30, 31, 
32)), 7.30 (s, 2 H, HC(23)), 6.45 (s, 1 H, HC(9)), 5.66 (ddd, J = 17.3, 10.4, 7.1 Hz, 
1 H, HC(19)), 5.08 (d, J = 17.2 Hz, 1 H, H2C(20) trans), 5.00 (d, J = 10.4 Hz, 1 H, 
H2C(20) cis), 4.91 (m, 1 H, H2C(21), 4.69 (d, J = 12.1 Hz, 1 H, H2C(28)), 4.55 (m, 
2 H, H2C(21, 28)), 4.09 (m, 1 H, H2C(2)), 3.91 (t, J = 8.8 Hz, 1 H, HC(8)), 3.58 – 
3.37 (m, 3 H, H2C(2,6)), 2.69 (br s, 1 H, HC(5)), 2.57 – 2.38 (m, 1 H, H2C(7)), 2.14 
(m, 1 H, H2C(3)), 2.08 (br s, 1 H, HC(4)), 1.85 (m, 1 H, H2C(3)), 1.55 (dd, J = 23.5, 
16.1 Hz, 1 H, H2C(7)), 1.37 (s, 18 H, H3C(27)). 
 19F NMR: (376 MHz, CD3OD) 
−153.5. 
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Data for 1-Benzyl-9-(2-propenyloxy)-(8S, 9R)-cinchonidinium Fluoride (98m) 
 
 1H NMR: (500 MHz, CD3OD) 
  8.99 (d, J = 4.5 Hz, 1 H, HC(12)), 8.22 (d, J = 8.4 Hz, 1 H, HC(14)), 8.17 (d, J = 
7.8 Hz, 1 H, HC(17)), 7.95 – 7.88 (m, 1 H, HC(15)), 7.87 – 7.80 (m, 2 H, HC(11, 
16)), 7.71 – 7.66 (m, 2 H, HC(23)), 7.66 – 7.56 (m, 3 H, HC(24, 25), 6.46 (s, 1 H, 
HC(9)), 6.24 (ddd, J = 22.7, 11.0, 5.8 Hz, 1 H, HC(27)), 5.68 (ddd, J = 17.3, 10.5, 
7.0 Hz, 1 H, HC(19)), 5.53 – 5.46 (d, J = 17.1 Hz, 1 H, H2C(20) trans), 5.39 (dd, J 
= 10.4, 1.0 Hz, 1 H, H2C(17) cis), 5.15 – 5.09 (m, 2 H, H2C(21, 17 trans), 5.02 (d, 
J = 10.5 Hz, 1 H, H2C(20) cis), 4.85 (d, J = 12.4 Hz, 1 H, H2C(21)), )), 4.25 (m, 3 
H, H2C(2, 26)), 3.95 (dt, J = 20.1, 10.1 Hz, 1 H, HC(8)), 3.51 (m, 2 H, H2C(6)), 
3.49 – 3.40 (m, 1 H, H2C(2)), 2.71 (d, J = 7.4 Hz, 1 H, HC(5)), 2.44 (dd, J = 13.4, 
7.7 Hz, 1 H, H2C(7)), 2.28 (ddt, J = 16.2, 11.0, 5.6 Hz, 1 H, H3C(3)), 2.11 (dd, J = 
6.1, 3.0 Hz, 1 H, HC(4)), 1.91 (t, J = 9.7 Hz, 1 H, H2C(3)), 1.65 – 1.53 (m, 1 H, 
H2C(7)). 
 13C NMR: (126 MHz, CD3OD) 
151.1, 149.2 C(12), 143.0, 138.5 C(19), 135.8, 135.6, 134.7 C(23), 134.7 C(16), 
133.3, 131.5 C(15), 130.8, 130.7 C(14), 129.3, 129.0, 127.7, 126.9, 126.5, 124.4, 
124.3 C(17) 121.4 C(11), 119.3 C(28), 117.7 C(20), 74.2 C(9), 71.4 C(26), 69.9 
C(8), 62.7 C(21), 62.0 C(6), 53.5 C(2), 39.2 C(5), 27.7 C(4), 26.0 C(3), 23.0 C(7). 
19F NMR:  (376 MHz, CD3OD) 
−153.4. 
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Data for 1-(1-Naphthalenylmethyl)-9-(2-propenyloxy)-(8S, 9R)-cinchonidinium Fluoride (98n) 
 
 1H NMR: (500 MHz, CD3OD) 
  9.02 (d, J = 4.5 Hz, 1 H, HC(12)), 8.35 (d, J = 8.2 Hz, 1 H, HC(14), 8.29 (d, J = 8.6 
Hz, 1 H, HC(17), 8.22 – 8.17 (m, 2 H, HC(24,27), 8.08 (d, J = 8.1 Hz, 2 H, HC(25, 
30), 7.99 – 7.85 (m, 3 H, HC(11, 15, 23)), 7.79 – 7.63 (m, 3 H, HC(16, 28, 29)), 
6.68 (s, 1 H, HC(9)), 6.40 – 6.28 (m, 1 H, H2C(32)), 5.74 (d, J = 13.1 Hz, 1 H, 
H2C(21)), 5.68 (td, J = 10.4, 5.2, 1 H, HC(19)), 5.60 (d, J = 17.2 Hz, 1 H, H2C(34) 
trans), 5.48 (t, J = 8.2 Hz, 1 H, H2C(34) cis), 5.26 (t, J = 10.7 Hz, 1 H, H2C(21)), 
5.09 (d, J = 17.2 Hz, 1 H, H2C(20) trans), 5.02 (t, J = 10.0 Hz, 1 H, H2C(20) cis), 
4.45 – 4.28 (m, 3 H, H2C(2,32)), 4.18 (t, J = 9.1 Hz, 1 H, HC(8)), 3.74 – 3.64 (m, 
1 H, H2C(6)), 3.60 – 3.52 (m, 1 H, H2C(6)), 3.26 (td, J = 11.4, 4.9 Hz, 1 H, H2C(2)), 
2.61 (m, 1 H, HC(5)), 2.46 (dd, J = 13.5, 8.0 Hz, 1 H, H2C(7)), 2.30 – 2.17 (m, 1 
H, H2C(3)), 2.12 – 2.03 (m, 1 H, HC(4)), 1.86 – 1.74 (m, 1 H, H2C(3)), 1.57 (td, J 
= 10.4, 2.9 Hz, 1 H, H2C(7)). 
13C NMR:  (126 MHz, CD3OD) 
151.1 C(12), 149.2 C(13), 143.2, 138.5, 134.8 C(25), 134.7 C(33), 131.9 C(24), 
131.4 C(11), 130.7 C(30), 130.5 C(27), 129.3 C(15), 128.5 C(29), 126.9 C(16, 28), 
123.7 C(17), 121.4 C(14, 23), 119.4 C(19, 34), 117.7 C(20),  73.8 C(9), 71.3 C(26), 
69.9 C(8), 66.0 C(6), 62.0 C(21), 52.9 C(2), 39.0 C(5), 28.0 C(4), 25.9 C(3) ,22.7 
C(7). 
19F NMR:  (376 MHz, CD3OD) 
−153.4. 
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Data for 9-Methoxy-1-[(3,5-diphenyl)phenylmethyl-(8S,9R)-cinchonidinium Fluoride (98q) 
 
1H NMR:  (400 MHz, CD3OD) 
9.00 (d, J = 4.6 Hz, 1 H), 8.27 (d, J = 8.4 Hz, 1 H), 8.18 (d, J = 8.5 Hz, 1 H), 8.08 
(d, J = 1.6 Hz, 1 H), 7.96 (d, J = 1.6 Hz, 2 H), 7.92 (m, 1 H), 7.88-7.74 (m, 6 H), 
7.54 (m, 4 H), 7.44 (m, 2 H), 6.36 (s, 1 H), 5.68 (ddd, J = 17.2, 10.5, 6.9 Hz, 1 H), 
5.24 (d, J = 12.4 Hz, 1 H), 5.11 (d, J = 17.0 Hz, 1H), 5.01 (d, J = 10.4 Hz, 1 H), 
5.00 (d, J = 12.4 Hz, 1 H), 4.83 (d, J = 12.3 Hz, 1 H), 4.18 (m, 1 H), 3.86 (m, 1 H), 
3.61 (s, 3 H), 3.55 – 3.38 (m, 3 H), 2.81  – 2.64 (m, 1 H), 2.39 (dt, J = 30.8, 14.3 
Hz, 1 H), 2.32 – 2.19 (m, 1 H), 2.08 (d, J = 3.0 Hz, 1 H), 1.99 – 1.85 (m, 1 H), 1.60 
– 1.49 (m, 1 H), 1.40 (s, 18 H). 
19F NMR:  (376 MHz, CD3OD) 
−153.1. 
 
Data for C-2-Symmetric Chiral Quaternary Ammonium Fluoride Salt (101a)  
 
1H NMR: (500 MHz, CD3OD) 
8.23 (d, J = 8.3 Hz, 2 H), 8.12 (d, J = 8.2 Hz, 2 H), 7.82 (d, J = 8.4 Hz, 2 H), 7.63 
(ddd, J = 8.1, 6.5, 1.4 Hz, 2 H), 7.46-7.35 (m, 4 H), 4.61 (d, J = 13.1 Hz, 2 H), 3.88 
(d, J = 13.2 Hz, 2 H), 3.49 (dd, J = 12.9, 4.4 Hz, 2 H), 3.28-3.16 (m, 2 H), 3.49 (dd, 
J = 12.9, 4.4 Hz, 2 H), 3.28 – 3.16 (m, 2 H), 1.97 – 1.84 (m, 2 H), 1.79 (tt, J = 12.2, 
5.9 Hz, 2 H), 1.51 – 1.36 (m, 4 H), 1.04 (t, J = 7.4 Hz, 6 H). 
19F NMR:  (376 MHz, CD3OD) 
−153.2. 
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Data for C-2-Symmetric Chiral Quaternary Ammonium Fluoride Salt (101d) 
 
1H NMR: (500 MHz, CD3OD) 
8.43 (d, J = 8.4 Hz, 4 H), 8.22 (d, J = 8.5 Hz, 4 H), 8.19 (d, J = 8.5 Hz, 4 H), 7.66 
(ddd, J = 8.1, 4.9, 2.9 Hz, 4 H), 7.42 (m, 8 H), 4.47 (d, J = 13.5 Hz, 1 H), 3.87 (d, 
J = 13.4 Hz, 1 H). 
19F NMR:  (376 MHz, CD3OD) 
−155.1 (br).  
 
Data for C-2-symmetric Chiral Quaternary Ammonium Fluoride Salt (101b) 
 
1H NMR: (500 MHz, CD3OD) 
8.21 (s, 2 H), 8.16 (d, J = 8.2 Hz, 2 H), 7.68 (m, 4 H), 7.55 (m, 4 H), 7.49-7.34 (m, 
12 H), 4.83 (d, J = 13.6 Hz, 2 H), 3.70 (d, J = 13.6 Hz, 2 H), 2.75 (m, 2 H), 2.60 
(m, 2 H), 1.02 - 0.81 (m, 6 H), 0.66 (m, 6 H), 0.11 (m, 2 H). 
19F NMR:  (376 MHz, CD3OD) 
−153.2.  
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Data for C-2-Symmetric Chiral Quaternary Ammonium Fluoride Salt (101c) 
 
 
1H NMR: (500 MHz, CD3OD) 
8.50 (br s, 2 H), 8.31 (s, 2 H), 8.23 (d, J = 9.4 Hz, 6 H), 7.73 (ddd, J = 8.2, 6.8, 1.2 
Hz, 2 H), 7.49 (ddd, J = 8.1, 6.7, 1.3 Hz, 2 H), 7.45-7.38 (m, 2 H), 4.61 (d, J = 13.9 
Hz, 2 H), 3.89 (d, J = 13.9 Hz, 2 H), 2.95 (dd, J = 15.7, 12.2 Hz, 2 H), 2.66 (td, J = 
13.2, 4.5 Hz, 2 H), 1.17 - 0.95 (m, 4 H), 0.87 (m, 2 H), 0.64 (dq, J = 7.3, 3.9 Hz, 6 
H), 0.28 (m, 2 H). 
19F NMR:  (376 MHz, CD3OD) 
−64.6 (CF3), −153.3 (F−)  
 
Data for C-2-symmetric Chiral Quaternary Ammonium Fluoride Salt (101e) 
 
1H NMR: (400 MHz, CD3OD) 
8.47 (s, 2 H), 8.22 (d, J = 8.2 Hz, 2 H), 7.90 (d, J = 8.3 Hz, 2 H), 7.81 (m, 4 H), 
7.67 (dd, J = 8.5, 7.1 Hz, 4 H), 7.57 - 7.42 (m, 6 H), 7.37 (m, 4 H), 7.21 (m, 2 H), 
7.13 (m, 2 H), 7.06 (m, 2 H), 6.44 (d, J = 8.5 Hz, 2 H), 4.99 (d, J = 13.9 Hz, 2 H), 
4.24 (d, J = 13.9 Hz, 2 H), 4.05 (d, J = 13.4 Hz, 2 H), 3.70 (d, J = 13.3 Hz, 2 H). 
19F NMR:  (376 MHz, CD3OD) 
−155.1.   
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Data for C-2-Symmetric Chiral Quaternary Ammonium Fluoride Salt (101f) 
 
1H NMR: (400 MHz, CD3OD) 
8.58 (s, 2 H), 8.50 (s, 2 H), 8.30 (d, J = 8.1 Hz, 2 H), 7.93 (d, J = 8.3 Hz, 2 H), 7.76 
- 7.67 (m, 2 H), 7.39 (m, 2 H), 7.55 (m, 2 H), 7.50 - 7.24 (m, 8 H),  7.20 (m, 4 H), 
7.11 - 7.03 (m, 2 H), 6.31 (d, J = 8.5 Hz, 2 H), 4.69 (d, J = 14.2 Hz, 2 H), 4.40 (d, 
J = 14.1 Hz, 2 H), 4.17 (d, J = 13.7 Hz, 2 H), 3.81 (d, J = 13.5 Hz, 2 H). 
19F NMR:  (376 MHz, CD3OD) 
−64.3, −64.6 (CF3), −154.9 (v. br, F−)  
 
4.5 Experimental Procedures for Chapter 3 
4.5.1 Rearrangement of Allyloxy Carbonyl Compounds (Optimization Studies) 
General Procedure 4: Phase Transfer Catalyzed Rearrangement of Allyloxyphenyl Ketone 
 
 To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added 2-(allyloxy)-1-phenylpropan-1-one (25.0 mg, 0.13 
mmol, 1.0 equiv.), tetrabutylammonium bromide (4.2 mg, 0.013 mmol, 10 mol %), and toluene 
(0.66 mL). At rt, the appropriate base was added, either by syringe (solution) or by cannula addition 
of the above solution into a second one-dram glass vial containing base (solid). The reaction was 
stirred at rt for 18-24 h, at which time the reaction was diluted by the addition of distilled water 
(1.0 mL), the toluene layer was removed by syringe, and the aqueous layer was extracted with 
dichloromethane (2 × 1.0 mL). The combined organic layers were concentrated by rotary 
evaporation to yield a dark brown oil. Purification by passage through a short pipette silica plug 
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(4 cm) yielded a crude material for analysis by 1H NMR using an extended delay (d1 = 15 s). The 
relative ratio of [2,3]- to [3,3]-product was determined by relative integration of the terminal allyl 
signals of each product. The results of this survey is provided in Table 31. 
 
Table 31. Optimization of phase transfer catalyzed rearrangement of allyloxyphenyl ketone.a 
Notebook 
Entry 
Catalyst 
Loading 
(mol %) 
Base 
Relative 
Conversionb 
[2,3] : [3,3]b 
(139 : 152) 
6-26 10 
10.8 M aq. KOH 
(17.8 equiv.) 
50% 15 : 85 
6-28 10 
CsOH·H2O (s) 
(3.0 equiv.) 
100% complex mixture 
6-27 10 
KOH (s) 
(3.0 equiv.) 
100% 30:70 
6-29 none 
KOH (s) 
(3.0 equiv.) 
20% n.d. 
a
 Reactions performed on a 0.13 mmol scale. b Ratio determined by relative integration using 1H 
NMR spectroscopic analysis of the crude reaction mixture. 
 
Preparation of 2-Hydroxy-2-methyl-1-phenylpent-4-en-1-one (139) [LRC-6-26] 
 
 To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added 2-(allyloxy)-1-phenylpropan-1-one (35.0 mg, 0.18 
mmol, 1.0 equiv.), tetrabutylammonium bromide (5.9 mg, 0.018 mmol, 10 mol %), and toluene 
(0.20 mL). To this solution was added 10.8 M aq. KOH (0.36 mL) by syringe and the reaction was 
stirred rapidly (1600 rpm) at rt for 18 h. After 18 h, the reaction was diluted by the addition of 
distilled water (1.0 mL), the toluene layer was removed by syringe, and the aqueous layer was 
extracted with dichloromethane (2 × 1.0 mL). The combined organic layers were concentrated by 
rotary evaporation to yield a dark brown oil. Purification by flash chromatography to remove 
unreacted starting material (SiO2, 190 mm × 10 mm, dry load on celite, 5 mL fractions, 20:1 
hexanes:EtOAc) yielded a pale yellow oil as a 85:15 mixture of [3,3]- and [2,3]-rearrangement 
product.  
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Data for 152 ([3,3]-product): 
 1H NMR: (500 MHz, CDCl3) 
  7.49–7.46 (m, 2H), 7.40–7.35 (m, 2H), 7.33–7.29 (m, 1H), 5.81–7.50 (m, 1 H), 5.22 
(dq, J = 1.6, 17.2 Hz, 1 H), 5.17 (ddd, J = 1.0, 2.0, 10.1 Hz, 1 H), 4.24 (s, 1 H), 2.99 
(ddd, J = 1.0, 7.9, 14.2 Hz, 1 H), 2.93 (ddt, J = 1.5, 6.2, 14.2 Hz, 1 H), 2.09 (s, 3 
H).  
 TLC: Rf 0.51 (silica gel, hexanes/EtOAc 4:1, UV, KMnO4) 
Data for 139 ([2,3]-product): 
 1H NMR: (500 MHz, CDCl3) 
  8.03–7.99 (m, 2 H), 7.57–7.55 (m, 1 H), 7.47–7.44 (m, 2 H), 5.81–7.50 (m, 1 H),  
5.07 (ddt, J = 1.0, 2.1, 10.3 Hz, 1 H), 5.01 (dq, J = 1.5, 17.1 Hz, 1 H), 4.01 (s, 1 H), 
2.80 (ddt, J = 1.2, 7.2, 14.0 Hz, 1 H), 2.64 (ddt, J = 1.2, 7.3, 14.0 Hz, 1 H), 1.57 (s, 
3 H). 
 TLC: Rf 0.51 (silica gel, hexanes/EtOAc 4:1, UV, KMnO4) 
 
General Procedure 5: Phase Transfer Catalyzed [2,3]-Rearrangement of Allyloxy tert-Butyl 
Ester 
 
 To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added tert-butyl 2-(allyloxy)-2-phenylacetate (25.0 mg, 0.10 
mmol, 1.0 equiv.), tetrabutylammonium bromide (3.3 mg, 0.013 mmol, 10 mol %), and toluene 
(0.40 mL). At rt, the appropriate base was added, either by syringe (solution) or by removing the 
cap and addition in a single portion (solid). The reaction was stirred at rt for 24 h, at which time 
the reaction was diluted by the addition of distilled water (0.4 mL), the toluene layer was removed 
by syringe, and the aqueous layer was extracted with EtOAc (3 × 1.0 mL). The combined organic 
layers were concentrated by rotary evaporation to yield the crude material as a white solid. The 
results of this survey is provided in Table 32. 
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Table 32. Phase-transfer catalyzed rearrangement of allyloxy tert-butyl ester.a 
Notebook 
Entry 
Solvent Base Base Equiv. 
Crude Mass 
Recoveryb 
6-46 
 
PhCH3 10.8 M aq. KOH 17.8 13.2 mg, 53% 
6-47 
 
CH2Cl2 10.8 M aq. KOH 17.8 20.0 mg, 80% 
6-48 
 
TBME 10.8 M aq. KOH 17.8 22.7 mg, 91% 
6-49 
 
PhCH3 KOH (s) 3.0 12.2 mg, 49% 
6-50 
 
CH2Cl2 KOH (s) 3.0 29.1 mg, 100% 
6-51 TBME KOH (s) 3.0 13.2 mg, 53% 
a
 Reactions performed on a 0.10 mmol scale. b Isolated mass after addition of distilled H2O, and 
extraction three times with EtOAc.. 
 
Preparation of 2-Hydroxy-2-phenylpent-4-enoic acid (158) [LRC-6-44] 
 
 To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added tetrabutylammonium bromide (7.5 mg, 0.023 mmol, 10 
mol %) and CsOH·H2O (118.1 mg, 0.70 mmol, 3.0 equiv.). To a separate one-dram sized vial was 
added tert-butyl 2-(allyloxy)-2-phenylacetate (58.0 mg, 0.23 mmol, 1.0 equiv.) and toluene (2.0 
mL). The allyloxy ester was added to the base/catalyst solution by canula and the reaction was 
stirred rapidly (1600 rpm) at rt for 66 h. After 66 h, stirring was halted, distilled water was added 
(0.3 mL), the toluene layer was removed, and the aqueous layer was extracted with EtOAc (3 × 2 
mL). The combined organic extracts were dried over MgSO4 and concentrated by rotary 
evaporation to yield a white crystalline material as a 1:1 mixture of hydrolyzed starting material 
and hydrolyzed [2,3]-rearrangement product. 
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Data for 157 (hydrolysis): 
 1H NMR: (500 MHz, CDCl3) 
  7.84–7.79 (m, 2 H), 7.29–7.10 (m, 3 H), 5.97–5.79  (m, 1 H), 5.22 (dd, J = 1.6, 18.8 
Hz, 1 H), 5.13 (dd, J = 1.7, 10.4 Hz, 1 H), 4.66 (s, 1 H), 3.90 (qd, J = 5.3, 12.0 Hz, 
2 H). 
 TLC: Rf 0.43 (silica gel, 5% MeOH in CH2Cl2 with 2% AcOH, UV, KMnO4) 
 
Data for 158 (hydrolysis with [2,3]-rearrangement): 
 1H NMR: (400 MHz, CDCl3) 
  7.45–7.40 (m, 2 H), 7.29–7.10 (m, 3 H), 5.97–5.79 (m, 1 H), 5.13 (ddt, J = 1.4, 2.6, 
17.2 Hz, 1 H), 4.97 (ddd, J = 1.2, 2.5, 10.3 Hz, 1 H), 2.91 (dd, J = 6.8, 13.9 Hz, 1 
H), 2.81 (dd, J = 6.9, 14.0 Hz, 1 H). 
 TLC: Rf 0.26 (silica gel, 5% MeOH in CH2Cl2 with 2% AcOH, UV, KMnO4) 
 
General Procedure 6. Phase Transfer Catalyzed [2,3]-Rearrangement of 2-(Allyloxy)-1-
Tetralone 
 
For reactions using solid base: 
To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added tetrabutylammonium bromide (4.0 mg, 0.0123 mmol, 
10 mol %) and solid base (3.0 equiv.). A stock solution of 2-allyloxy-1-tetralone in toluene (25 
mg/ 0.4 mL, 0.308 M) was prepared under Ar in a separate scintillation vial. Under Ar, 2-allyloxy-
1-tetralone was added as a stock solution (0.4 mL, 0.123 mmol, 1.0 equiv.) and additional toluene 
was added (0.34 mL). The Ar inlet was removed and the reaction was stirred (1500 rpm) at rt. 
After complete conversion of the starting material by TLC analysis (4:1 hexanes:EtOAc), the 
reaction was diluted by the addition of distilled water (0.2 mL) and EtOAc (0.5 mL). The organic 
layer was removed by syringe, and the aqueous layer was extracted with EtOAc (3 × 0.5 mL). The 
combined organic layer was passed through a pipette containing silica (4 cm) using EtOAc to yield 
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a crude yellow oil. Conversion was assessed by 1H NMR spectroscopic analysis by relative 
integration of internal vinyl signal of starting material and product using a long delay (d1 = 15 s). 
 
For reactions using base solution: 
To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added tetrabutylammonium bromide (4.0 mg, 0.0123 mmol, 
10 mol %). A stock solution of 2-allyloxy-1-tetralone in toluene (25 mg/ 0.4 mL, 0.308 M) was 
prepared under Ar in a separate scintillation vial. Under Ar, 2-allyloxy-1-tetralone was added as a 
stock solution (0.4 mL, 0.123 mmol, 1.0 equiv.) and additional toluene was added (0.34 mL). The 
Ar inlet was removed and the reaction was stirred (1500 rpm) at rt or cooled in a cold room (3–5 
°C) for 25 min. After temperature equilibration, stirring was halted and aqueous base solution was 
added by syringe. The reaction was then stirred (1500 rpm) for the specified amount of time. The 
reaction was then diluted by the addition of distilled water (0.2 mL) and EtOAc (0.5 mL). The 
organic layer was removed by syringe, and the aqueous layer was extracted with EtOAc (3 × 0.5 
mL). The combined organic layer was passed through a pipette containing silica (4 cm) using 
EtOAc to yield a crude yellow oil. Conversion was assessed by 1H NMR spectroscopic analysis 
by relative integration of internal vinyl signal of starting material and product using a long delay 
(d1 = 15 s). 
 
Data for 163:154 
 1H NMR: (500 MHz, CDCl3) 
  8.01 (dd, J = 1.6, 7.8 Hz, 1 H), 7.53 (td, J = 1.5, 7.5 Hz, 1 H), 7.34 (t, J = 7.6 Hz, 1 
H), 7.26 (d, J = 7.7 Hz, 1 H), 5.87 (dddd, J = 6.2, 8.2, 10.3, 16.7 Hz, 1 H), 5.16 (dt, 
J = 1.1, 10.1 Hz, 1 H), 5.08 (dd, J = 1.7, 17.1 Hz, 1 H), 3.83 (br s, 1 H), 3.10 (ddd, 
J = 5.1, 12.6, 17.7 Hz, 1 H), 2.98 (ddd, J = 2.4, 5.7, 17.8 Hz, 1 H), 2.44 (dd, J = 
8.2, 14.1 Hz, 1 H), 2.39–2.31 (m, 2 H), 2.16 (td, J = 5.7, 13.0 Hz, 1 H). 
 TLC: Rf 0.34 (silica gel, hexanes/EtOAc, 4:1, UV, CAM) 
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Table 33. Phase transfer catalyzed rearrangement of 2-allyloxy-1-tetralone.a 
Notebook 
Entry 
Catalyst 
Loading 
(mol %) 
Base 
Temperature 
(ºC) 
Time 
(h) 
Relative 
Conversion 
(%)b 
6-57 10 KOH (s) rt 1.5 100 
6-57-ctrl none KOH (s) rt 1.5 100 
6-59 10 NaOH (s) rt 1.5 100 
6-59-ctrl none NaOH (s) rt 1.5 100 
6-61 10 CsOH·H2O (s) rt 1.5 100 
6-61-ctrl none CsOH·H2O (s) rt 1.5 100 
6-55 10 10.8 M aq. KOH 
(42.5 wt %) 
rt 1.5 100 
6-55-ctrl none 10.8 M aq. KOH 
(42.5 wt %) 
rt 1.5 0 
6-67 10 10.8 M aq. KOH 
(42.5 wt %) 
3–5 6 100 
7-08 none 10.8 M aq. KOH 
(42.5 wt %) 
3–5 24 11 
6-80 none 10.8 M aq. KOH 
(42.5 wt %) 
3–5 44 19 
7-09 none 50 wt % aq. NaOH 3–5 6 75 
a
 Reactions performed on a 0.12 mmol scale. b Determined by relative integration using 1H NMR 
spectroscopic analysis on the crude reaction mixture. 
 
General Procedure 7.  Phase Transfer Catalyzed [2,3]-Rearrangement of 3-(Alkenyloxy)-2 
oxindoles 
 
 To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added 3-(alkenkelyoxy)-2-oxindole (20-25mg, 1.0 equiv.) and 
tetrabutylammonium bromide (10 mol %). The vial was evacuated and backfilled with Ar twice. 
Sparged toluene was added ([0.16 M]) and the reaction was stirred within a cold room for 30 min 
to equilibrate temperature, then a sparged aqueous KOH was added by syringe (5 M or 2 M, 10.0 
equiv.). The reaction was stirred rapidly (1600 rpm) for 3 h at 3–5 ºC. After 3 h, the reaction was 
quenched at 3–5 ºC by the addition of 5 M aq. AcOH (10 equiv.). The reaction was then diluted 
by the addition of 0.3 mL of distilled water and 1.0 mL of EtOAc. The organic layer was removed, 
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the aqueous layer was extracted with EtOAc (2× 0.5 mL), and then passed through a short plug of 
silica and Na2SO4 (pipette, 6 cm) and concentrated by rotary evaporation. Conversion was 
determined by relative integration of starting material and product signals in the crude 1H NMR 
(CDCl3) to an internal standard (hexamethylsilane) using an extended delay (d1 = 15 s). 
 
Data for 165a (PG = Bn, R = H): [LRC-15-DH6797] 
 1H NMR: (500 MHz, CDCl3) 
  7.40 (dd, J = 1.4, 7.4 Hz, 1 H), 7.33–7.24 (m, 5 H), 7.20 (td, J = 1.3, 7.8 Hz, 1 H), 
7.06 (t, J = 7.5 Hz, 1 H), 5.63 (dddd, J = 2.1, 6.3, 8.4, 10.5, 16.8 Hz, 1 H), 5.15 (d, 
J = 17.1 Hz, 1 H), 5.10 (d, J = 10.8 Hz, 1 H), 5.02 (d, J = 15.7 Hz, 1 H), 4.73 (d, J 
= 15.7 Hz, 1 H), 3.31 and 3.19 (br s, OH, 1 H), 2.82 (dd, J = 6.3, 13.5 Hz, 1 H), 
2.70 (dd, J = 8.5, 13.3 Hz, 1 H). 
 TLC: Rf  0.14 (silica gel, hexanes/EtOAc 4:1, UV, I2) 
 
Data for 165b (PG = Bn, R = Me): [LRC-15-DH6798] 
 1H NMR: (500 MHz, CDCl3) 
  7.40 (d, J = 7.5 Hz, 1 H), 7.33–7.24 (m, 5 H), 7.20 (td, J = 1.3, 7.8 Hz, 1 H), 7.01 
(td, J = 1.1, 7.5 Hz, 1 H), 6.70 (d, J = 7.8 Hz, 1 H), 6.18 (dd, J = 10.8, 17.5 Hz, 1 
H), 5.22 (dd, J = 1.3, 10.8 Hz, 1 H), 5.15 (dd, J = 1.3, 17.6 Hz, 1 H), 5.0 (d, J = 
15.7 Hz, 1 H), 4.64 (d, J = 15.7 Hz, 1 H), 2.90 (br s, 1 H), 1.21 (s, 3 H), 1.13 (s, 3 
H). 
 TLC: Rf  0.30 (silica gel, hexanes/EtOAc 4:1, UV, CAM) 
 
Data for 165c (PG = i-Pr, R = Me): [LRC-15-DH6799] 
 1H NMR: (500 MHz, CDCl3) 
  7.38 (dd, J = 1.5, 7.5 Hz, 1 H), 7.27 (td, J = 1.3, 7.8 Hz, 1 H), 7.01 (td, J = 1.1, 7.6 
Hz, 1 H), 6.93 (d, J = 7.9 Hz, 1 H), 6.12 (dd, J = 10.8, 17.5 Hz, 1 H), 5.18 (dd, J = 
1.3, 10.8 Hz, 1 H), 5.10 (dd, J = 1.3, 17.6 Hz, 1 H), 4.52 (hept, 7.1 Hz, 1 H), 1.46 
(d, J = 7.0 Hz, 3 H), 1.45 (d, J = 7.0 Hz, 3 H), 1.14 (s, 3 H), 1.06 (s, 3 H). 
 TLC: Rf  0.34 (silica gel, hexanes/EtOAc 4:1, UV, I2) 
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Data for 165d (PG = Ts, R = H): [LRC-14-DA0059] 
 1H NMR: (500 MHz, CDCl3) 
  8.04 (dd, J = 1.3, 8.4 Hz, 1 H), 7.92 (d, J = 8.4 Hz, 2 H), 7.67 (d, J = 7.7 Hz, 1 H), 
7.55 (ddd, J = 1.5, 6.7, 8.2 Hz, 2 H), 7.50 (d, J = 7.9 Hz, 1 H), 7.26 (d, J = 8.0 Hz, 
2 H), 7.09 (t, J = 7.6 Hz, 1 H), 5.67–5.57 (m, 1 H), 5.21 (dd, J = 1.7, 17.0 Hz, 1 H), 
5.05 (d, J = 10.9 Hz, 1 H), 4.52–4.49 (m, 1 H), 4.01 (s, 1 h), 3.90–3.87 (m, 1 H), 
3.24 (dd, J = 6.8, 13.4 Hz, 1 H), 3.02 (dd, J = 7.8, 13.6 Hz, 1 H), 2.38 (s, 3 H).  
 TLC: Rf  0. (silica gel, hexanes/EtOAc 4:1, UV, I2) 
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Table 34. Phase transfer catalyzed [2,3]-rearrangement of allyloxy-oxindole.a 
 
Notebook 
Entry 
R PG 
Catalyst 
Loading 
(mol %) 
Base 
Temperature 
(ºC) 
Time 
(h) 
Relative 
Conversion 
(%)b 
CM1909 H Bn 10 10.8 M aq. KOH rt 3 100 
CM1909-ctl H Bn none 10.8 M aq. KOH rt 3 100 
CM1919 H Bn 10 10.8 M aq. KOH 3–5 0.25 100 
CM1919-ctl H Bn none 10.8 M aq. KOH 3–5 0.25 100 
CM1917 H Bn 10 5 M aq. KOH 3–5 0.5 100 
CM1917-ctl H Bn none 5 M aq. KOH 3–5 0.5 0 
CM1968B-ctl H Bn none 5 M aq. KOH 3–5 4 2 
CM1921 H Bn none 5 M aq. KOH 3–5 24 100 
CM1929 H Bn 10 2 M aq. KOH 3–5 8 100 
CM1920-ctl H Bn none 2 M aq. KOH 3–5 8 0 
CM1918 H Bn 10 KOH (s)c 3–5 0.5 100 
CM1918-ctl H Bn none KOH (s)c 3–5 0.5 100 
DH6729 Me Bn 10 5 M aq. KOH 3–5 0.5 100 
DH6729-ctl Me Bn none 5 M aq. KOH 3–5 0.5 0 
DH6741-B Me Bn none 5 M aq. KOH 3–5 3 4 
DH6757 Me i-Pr 10 5 M aq. KOH 3–5 0.5 100 
DH6757-ctl Me i-Pr none 5 M aq. KOH 3–5 0.5 0 
DH6768 Me i-Pr none 5 M aq. KOH 3–5 3 0 
DA0059 H Ts 10 5 M aq. KOH 3–5 1 100 
DA0059 H Ts none 5 M aq. KOH 3–5 1 100 
a
 Reactions performed on a 0.09 mmol scale. b Determined by relative integration using 1H NMR spectroscopic 
analysis of the crude reaction mixture. c Solid KOH was added prior starting material stock solution. 
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General Procedure 8.  Phase Transfer Catalyzed [2,3]-Rearrangement of 3-(Cinnamyloxy)-
2-oxindoles [LRC-14-DH6708, LRC-14-DH6723] 
 
To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added 1-benzyl-3-cinnamyloxy-2-oxindole (25.0 mg, 0.07 
mmol, 1.0 equiv.) and tetrabutylammonium bromide (2.3 mg, 0.007 mmol, 10 mol %). The vial 
was evacuated and backfilled with Ar twice. Sparged toluene was added (0.42 mL, [0.16 M]) and 
the reaction was stirred within a cold room for 30 min to equilibrate temperature, then a sparged 
aqueous base solution was added by syringe (5 M or 2 M, 10.0 equiv.). The reaction was stirred 
rapidly (1600 rpm) at 3–5 ºC. The reaction was quenched at 3–5 ºC by the addition of 5 M aq. 
AcOH (10 equiv.). The reaction was then diluted by the addition of 0.3 mL of distilled water and 
1.0 mL of EtOAc. The organic layer was removed, the aqueous layer was extracted with EtOAc 
(2× 0.5 mL), and then passed through a short plug of silica and Na2SO4 (pipette, 6 cm) and 
concentrated by rotary evaporation. Ratio of isomeric products and conversion was determined by 
relative integration of starting material and product signals in the crude 1H NMR (CDCl3) using 
an extended delay (d1 = 15 s).  
 
Data for syn-168a: 
 1H NMR: (500 MHz, CDCl3) 
  7.31–7.20 (m, 5 H), 7.18–6.99 (m, 7 H), 6.98–6.92 (m, 2 H), 6.53 (dt, J = 10.2, 17.0 
Hz, 1 H), 5.47 (dd, J = 1.7, 16.9 Hz, 1 H), 5.40 (dd, J = 1.7, 10.1 Hz, 1 H), 4.90 (d, 
J = 15.9 Hz, 1 H), 3.93 (d, J = 10.2 Hz, 1 H), 3.15 (br s, OH, 1 H). 
 TLC: Rf  0.35 (silica gel, hexanes/EtOAc 3:1, UV, I2). 
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Data for anti-168b: 
 1H NMR: (500 MHz, CDCl3) 
  7.54 (dd, J = 1.4, 7.5 Hz, 1 H), 7.24–7.05 (m, 7 H), 6.83 (d, J = 7.2 Hz, 2 H), 6.54 
(ddd, J = 1.6 Hz 10.2, 17.1 Hz, 1 H), 5.41 (d, J = 10.3 Hz, 1 H), 5.31 (d, J = 17.1 
Hz, 1 H), 4.94 (d, J = 16.0 Hz, 1 H), 4.27 (d, J = 16.0 Hz, 1 H), 4.02 (d, J = 8.3 Hz, 
1 H), 2.96 (br s, OH, 1 H). 
 TLC: Rf  0.32 (silica gel, hexanes/EtOAc 3:1, UV, I2). 
 
Data for [1,2]-167: 
 1H NMR: (400 MHz, CDCl3) 
  7.43 (d, J = 7.3 Hz, 1 H), 7.28–7.03 (m, 11 H), 6.99 (t, J = 7.7 Hz, 2 H), 6.63 (d, J 
= 7.8 Hz, 1 H), 6.46 (d, J = 16.9 Hz, 1 H), 5.90 (ddd, J = 6.1, 9.1, 15.6 Hz, 1 H), 
5.13 (d, J = 15.8 Hz, 1 H), 4.55 (d, J = 15.8 Hz, 1 H), 3.14 (br s, 1 H, OH), 2.98 
(dd. J = 6.1, 12.9 Hz, 1 H), 2.87 (dd, J = 9.0, 13.1 Hz, 1 H). 
 TLC: Rf  0.30 (silica gel, hexanes/EtOAc 3:1, UV, I2). 
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Table 35. Phase-transfer catalyzed rearrangement of cinnamyloxy-oxindole.a 
 
Notebook 
Entry 
Catalyst 
Loading 
(mol %) 
Base 
(aq.) 
Time 
(h) 
Relative 
Conversion 
(%)b 
[2,3] : [1,2]b 
d.r. 
syn : antib 
DH6708 10 5 M KOH 1 100 1.4 : 1 1 : 1.2 
DH6708-ctl none 5 M KOH 1 100 11  : 1 2 : 1 
DH6712 10 5 M KOH 0.25 100 10 : 1 1 : 1.2 
DH6712-ctl none 5 M KOH 0.25 100 - 2 : 1 
DH6718 10 5 M NaOH 0.25 100 37 :1 1.4 : 1 
DH6718-ctl none 5 M NaOH 0.25 15 - 2.6 : 1 
DH6719 10 5 M CsOH 0.25 100 9 : 1 1.4 : 1 
DH6719-ctl none 5 M CsOH 0.25 100 - 1.6 : 1 
DH6713 10 2 M KOH 0.5 100 1 :0 1.7 : 1 
DH6713-ctl none 2 M KOH 0.5 <1 - - 
DH6714 10 2 M NaOH 0.5 100 1 : 0 1.7 : 1 
DH6714-ctl none 2 M NaOH 0.5 2 - - 
DH6715 10 2 M CsOH 0.5 100 1 : 0 1.7 : 1 
DH6715 none 2 M CsOH 0.5 <1% 1 : 0 1.7 :1 
a
 Reactions performed on a 0.07 mmol scale. 
b Determined by relative integration using 1H NMR 
spectroscopic analysis of the crude reaction mixture. 
 
When cinnamyloxy-oxindole 166 was submitted to the standard PTC conditions (5 M aq. 
KOH, toluene, 3-5 °C), three new species were observed: both the syn- and anti-diastereomers of 
the desired [2,3]-rearrangement (168a and 168b, respectively) and an additional allylated oxindole 
167 that appears to arise from a formal [1,2]-type rearrangement (Figure 24). Formation of the 
“[1,2]-product” appears to occur only in the presence of tetrabutylammonium bromide (TBAB), 
while no [1,2]-rearrangement occurs in the presences of 5 M KOH only (Figure 24, row 2 vs 3). 
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At 5 M base concentration, conversion of the starting material (166) did not appear to be dependent 
upon quaternary salt and the background underwent full conversion in 15 min. 
When cinnamyloxy-oxindole 166 was submitted to PTC conditions using a lower base 
concentration (2 M aq. KOH, toluene, 3-5 °C), conversion of the starting material was only 
observed in the presence of catalyst (Figure 25, row 2 vs 3). No formation of the “[1,2]-product 
 was observed at this lower base concentration. 
 
Figure 24. 1H NMR analysis of the [2,3]-rearrangement of cinnamyloxy-oxindole 166 using 5 M 
aq. KOH. Reactions performed on 25.0 mg (0.07 mmol scale) in toluene [0.16 M] at 3-5 °C. 
Spectra collected on a 500 MHz 1H spectrometer in CDCl3. 
 
  
166 
5 M KOH 
+ TBAB 
5 M KOH 
only 
168a 
[2,3]-syn 
168b 
[2,3]-anti 
167 
[1,2]- 
200 
 
 
Figure 25. 1H NMR analysis of the [2,3]-rearrangement of cinnamyloxy-oxindole 166 using 2 M 
aq. KOH. Reactions performed on 25.0 mg (0.07 mmol scale) in toluene [0.16 M] at 3-5 °C. 
Spectra collected on a 500 MHz 1H spectrometer in CDCl3. 
 
 The observation that the [1,2]-rearrangement product appears in higher quantities at 
extended reaction times may indicate that this side product is formed from the desired [2,3]-
product. To test this hypothesis, isolated pure syn-[2,3]-product 168a was resubmitted to the 
reaction conditions for an extended period (5 M KOH, toluene, 3-5 °C, 24 h) in the presence and 
absence of catalyst. Indeed it was observed that all three products were formed under the reactions 
conditions when starting from a single diastereomer (Scheme 26). Resubmission of syn-168a to 
lower base concentration (2 M KOH) did not show evidence of new product formation. (see Figure 
26 for 1H NMR spectra). In light of this result, the ratios reported in Table 35 using 5 M aqueous 
base likely do not indicate a kinetically controlled reaction, but are instead influenced by the 
thermodynamic interconversion of the products under the reaction conditions.  
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Figure 26. 1H NMR analysis of the resubmission of syn-168a to different concentrations of 
aqueous KOH in the presence and absence of TBAB. Spectra were collected on a 500 1H MHz 
spectrometer in CDCl3. 
 
4.5.2 Preparation of Allyloxycarbonyl Compounds 
Preparation of 2-(Allyloxy)-1-phenylpropan-1-one (137) [LRC-6-25] 
 
 The preparation of 2-(allyloxy)-1-phenylpropan-1-one was adapted from the procedure 
reported by Newman.194 To a flame-dried 50–mL round-bottomed flask fitted with a magnetic stir 
bar and Ar inlet, was added 2-diazopropiophenone (430 mg, 2.68 mmol, 1.0 equiv.) and diethyl 
ether (9.8 mL) to give a homogeneous, bright yellow solution. The reaction was stirred at rt, and 
then allyl alcohol (1.83 mL, 26.9 mmol, 10.0 equiv.) and BF3·OEt2 (30 μL, 0.24 mmol, 9  mol %) 
166 
5 M KOH 
+ TBAB 
5 M KOH 
only 
2 M KOH 
+ TBAB 
2 M KOH 
only 
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were added by syringe in succession. Immediate gas evolution is evident upon addition of the 
Lewis acid. The reaction was stirred at rt for 1.5 h and then quenched by pouring into 20 mL of 
distilled water. This mixture was transferred to a 125–mL separatory funnel, and the aqueous layer 
was extracted with Et2O (3 × 30 mL). The combined organic layer was washed with distilled water 
(1 × 20 mL), saturated brine solution (2 × 20 mL), dried over MgSO4, and concentrated by rotary 
evaporation to give the crude product as a yellow oil. Purification by flash chromatography (SiO2, 
170 mm × 25 mm, 10 mL fractions, hexanes:CH2Cl2 gradient elution (start 100% hexanes and 
increase to 20% CH2Cl2)) yielded 2-(allyloxy)-1-phenylpropan-1-one as a colorless oil (210 mg, 
41%). 
 
Data for 137: 
 1H NMR: (400 MHz, CDCl3) 
8.07–8.03 (m, 2 H), 7.61–7.54 (m, 1 H), 7.49–7.43 (m, 2 H), 5.91 (ddt, J = 5.7, 
10.3, 17.3 Hz, 1 H), 5.27 (dq, J = 1.6, 17.2 Hz, 1 H), 5.18 (dd, J = 1.6, 10.4 Hz, 1 
H), 4.76 (q, J = 6.9 Hz, 1 H), 4.10 (ddt, J = 1.5, 5.5, 12.6 Hz, 1 H), 3.95 (ddt, J = 
1.3, 6.0, 12.5 Hz, 1 H), 1.51 (d, J = 6.9 Hz, 3 H).  
 TLC: Rf 0.45 (silica gel, hexanes/EtOAc 4:1, UV, CAM) 
 
Preparation of tert-Butyl 2-(allyloxy)-2-phenylacetate (154) [LRC-6-45] 
 
The preparation of tert-butyl 2-(allyloxy)-2-phenylacetate was adapted from a related 
procedure reported by Aurich.169 To a flame-dried 100–mL single-neck round-bottomed flask 
fitted with a magnetic stir bar, reflux condenser, and Ar inlet was added tert-butyl 2-hydroxy-2-
phenylacetate (851 mg, 4.09 mmol, 1.0 equiv.). The flask was evacuated and backfilled with Ar 
twice, then diethyl ether (16.4 mL) was added to give a cloudy white solution. The reaction was 
stirred at room temperature, then allyl bromide (0.57 mL, 6.54 mmol, 1.6 equiv.) and silver (I) 
oxide (2.46 g, 10.63 mmol, 2.6 equiv.) were added successively. The flask was covered in 
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aluminum foil and heated to reflux for 2 h. Heated was stopped and the reaction was then stirred 
at rt for 48 h. The crude reaction mixture was then filtered through a short SiO2 plug to remove 
silver salts and washed with a large excess of diethyl ether. The filtrate was then concentrated by 
rotary evaporation to yield the crude material as a colorless oil (902 mg) which was obtained as a 
mixture of desired product, recovered starting material, and addition oxidative side products. 
Purification by flash chromatography (SiO2, 160 mm × 25 mm, 10 mL fractions, dry load on celite, 
hexanes/TBME gradient: 20:1 (200 mL) to 10:1 (200 mL) to 4:1 (500 mL)) yielded tert-butyl 2-
(allyloxy)-2-phenylacetate as a colorless oil (229 mg, 23%).  
 
Data for 154: 
 1H NMR: (400 MHz, CDCl3) 
7.46–7.42 (m, 2 H), 7.38–7.30 (m, 3 H), 5.95 (ddt, J = 5.7, 10.3, 17.3 Hz, 1 H), 5.29 
(dd, J = 1.6, 17.2 Hz, 1 H), 5.21 (dd, J = 1.7, 10.3 Hz, 1 H), 4.80 (s, 1 H), 4.11–
4.00 (m, 2 H), 1.39 (s, 9 H). 
 TLC: Rf 0.38 (silica gel, hexanes/EtOAc 9:1, UV, I2, KMnO4) 
 
Preparation of 2-(Allyloxy)-2-phenyl-1-(pyrrolidin-1-yl)ethano-1-one (159) [LRC-6-37] 
 
 The preparation of 2-(allyloxy)-2-phenyl-1-(pyrrolidin-1-yl)ethano-1-one was adapted 
from a similar procedure reported by Maulide.14 To a flame-dried 20–mL Schlenk flask fitted with 
magnetic stir bar and septum was added washed sodium hydride (23.0 mg, 0.96 mmol, 1.1 equiv.). 
The flask was evacuated and backfilled with Ar twice, then THF (3.0 mL) was added to give a 
grey-white suspension. The reaction mixture was stirred and cooled to 0 ºC (ice-water bath) for 20 
min. To a separate flame-dried 25–mL conical flask with Ar inlet was added 2-hydroxy-2-phenyl-
1-(pyrrolidin-1-yl)ethan-1-one (179 mg, 0.87 mmol, 1.0 equiv.) and THF (4.5 mL) to give a 
homogeneous, colorless solution. The solution of α-hydroxyamide was then added to the Schlenk 
flask by cannula over 10 min while maintaining the reaction temperature below 5 ºC. Over the 
course of addition, gas evolution was observed and the reaction mixture turned pale yellow. The 
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reaction mixture was stirred at 0 ºC for 1 h, the allyl bromide (302 μL, 3.5 mmol, 4.0 equiv.) was 
added in one portion. The reaction was stirred for an additional 1 h at 0 ºC, and then the reaction 
was quenched by addition of distilled water (4.0 mL). The reaction mixture was transferred to a 
125–mL separatory funnel with distilled water (15 mL) and ethyl acetate (30 mL). The organic 
layer was separated, the aqueous layer was extracted with EtOAc (2 × 30 mL), the combined 
organic layer was washed with saturated brine (1 × 20 mL), dried over MgSO4, and concentrated 
by rotary evaporation to yield crude allyloxyamide as a yellow solid (210 mg). Purification by 
flash chromatography (SiO2, 160 mm × 25 mm, 10 mL fractions, CH2Cl2/MeOH gradient elution: 
100% CH2Cl2 (200 mL) to 1% MeOH in CH2Cl2 (200 mL) to 2.5% MeOH in CH2Cl2 (400 mL)) 
yielded 2-(allyloxy)-2-phenyl-1-(pyrrolidin-1-yl)ethano-1-one as a low-melting white solid (197 
mg, 92%). 
 
Data for 159: 
 1H NMR: (400 MHz, CDCl3) 
7.48–7.43 (m,  2 H), 7.39–7.28 (m, 3 H), 5.97 (ddt, J = 5.7, 10.4, 17.5 Hz, 1 H), 
5.31 (dq, J = 1.7, 17.3 Hz, 1 H), 5.22 (dq, J = 1.4, 10.4 Hz, 1 H), 5.07 (s, 1 H), 4.09 
(ddt, J = 1.5, 5.9, 7.3 Hz, 2 H), 3.58–3.43 (m, 2 H), 3.36 (td, J = 2.0, 6.5 Hz, 2 H), 
1.86–1.69 (m, 4 H). 
 TLC: Rf 0.30 (silica gel, hexanes/EtOAc 7:3, UV, I2, KMnO4) 
 
Preparation of 2-(Allyloxy)-1-tetralone (162) [LRC-7-11] 
 
 The preparation of 2-(allyloxy)-1-tetralone followed the preparation reported by 
Mukaiyama with minor changes.158 To a flame-dried 20–mL Schlenk flask fitted with a magnetic 
stir bar and septum was added 2-diazo-1-tetralone (938 mg, 5.45 mmol, 1.0 equiv.) and allyl 
alcohol (7.3 mL). The reaction was cooled to −20 ºC in a 20 wt % CaCl2 (aq) / CO2 (s) bath, stirred, 
and covered in aluminum foil. To this solution was added BF3·OEt2 (34 μL, 0.27 mmol, 5 mol %) 
at the beginning of reaction, after 3 h, and after 5 h (15 mol % total). The reaction was then 
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quenched after 6 h by addition of 10 mL of saturated aqueous NaHCO3. The reaction mixture was 
transferred to a 125–mL separatory funnel and extracted with diethyl ether (3 × 30 mL). The 
combined organic layer was washed with distilled water (1 × 20 mL), saturated brine solution (1 
× 20 mL), dried over MgSO4, and concentrated by rotary evaporation to yield the crude material 
and thick brown oil. Purification by flash chromatography (SiO2, 160 mm × 35 mm, 20 mL 
fractions, dry load on celite, isocratic elution with 2% acetone in hexanes) yielded 2-(allyloxy)-1-
tetralone as a pale yellow oil (44%). 
 
Data for 162: 
 1H NMR: (400 MHz, CDCl3) 
8.03 (dd, J = 1.6, 7.8 Hz, 1 H), 7.48 (td, J = 1.5, 7.5 Hz, 1 H), 7.32 (t, J = 7.5 Hz, 1 
H), 7.24 (d, J = 7.6 Hz, 1 H), 5.97 (ddt, J = 5.8 Hz, 10.4, 17.3 Hz, 1 H), 5.33 (dq, J 
= 1.7 Hz, 17.2 Hz, 1 H), 5.21 (dq, J = 1.3, 10.3 Hz, 1 H), 4.39 (ddt, J = 1.5, 5.3, 
12.8 Hz, 1 H), 4.18 (ddt, J = 1.4, 6.0, 12.7 Hz, 1 H), 4.10 (dd, J = 4.3, 10.7 Hz, 1 
H), 3.15 (dt, J = 5.0, 17.1 Hz, 1 H), 3.03 (ddd, J = 4.9, 10.0, 17.0 Hz, 1 H), 2.37 
(dq, J = 4.8, 13.1 Hz, 1 H), 2.30–2.18 (m, 1 H). 
 TLC: Rf  0.41 (silica gel, hexanes/TBME 4:1, UV, I2, KMnO4) 
 
General Procedure 9. Preparation of 3-Allyloxy-2-oxindoles 
 
The preparation of 3-(allyloxy)-2-oxindole substrates were based upon a report by 
Muthusamy.177a To a flame-dried Schlenk flask fitted with magnetic stir bar and septum was added 
catalyst (1-10 mol %). The flask was evacuated and backfilled with Ar twice, then dichloromethane 
was added ([0.2 M]) and the mixture was stirred at room temperature. At rt, the alkenyl alcohol 
was added by syringe (2.0 equiv.). In a separate flame-dried 25–mL conical flask with Ar inlet was 
added 3-diazo-2-oxindole (1.0 equiv.) and dichloromethane ([0.33 M]). The diazo-
dichloromethane solution was taken up in a syringe and fitted to a syringe pump for slow addition 
at rt over a period of 3 h. After full addition, the reaction was allowed to stir at rt for 1 h. The 
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reaction was then quenched by addition of saturated aqueous NH4Cl solution. The reaction mixture 
was transferred to a 125–mL separatory funnel and extracted with dichloromethane (3 × 20 mL). 
The combined organic layer was washed with distilled water (1 × 20 mL), saturated brine solution 
(1 × 20 mL), dried over Na2SO4, and concentrated by rotary evaporation. Purification by flash 
chromatography (hexanes/TBME gradient: 10:1 to 4:1 to 3:1 to 2:1) yielded the desired product. 
 
Table 36. OH-insertion of 3-diazo-2-oxindoles.a 
 
Notebook 
Entry 
R1 R2 PG catalyst 
equiv. of 
alcohol x 
yield 
(%)b 
CM1911c H H Bn 
Rh2(OAc)4 
(1 mol %) 
2.0 377 mg, 41% 
CM1923 H H Bn 
Rh2(OAc)4 
(1 mol %) 
2.0 448 mg, 67%d 
CM1928e H H Bn 
Rh2(OAc)4 
(1 mol %) 
2.0 135 mg, 31% 
DH6706 H H Bn 
BF3·OEt2 
(20 mol %) 
2.0 49 mg, 26% 
DH6707 H H Bn 
In(OTf)3 
(10 mol %) 
2.0 186 mg, 83% 
DH6711 Ph H Bn 
Rh2(OAc)4 
(1 mol %) 
2.2 500 mg, 39%f 
DH6703 Ph H Bn 
Tp(PhCMe2)Cu 
(5 mol %) 
2.0 N.R. 
DH6722 Me Me Bn 
Rh2(OAc)4 
(1 mol %) 
2.0 826 mg, 98% 
DH6785 Me Me i-Pr 
Rh2(OAc)4 
(1 mol %) 
1.3 468 mg, 91% 
DA0056 H H Ts 
Rh2(OAc)4 
(1 mol %) 
2.0 49 mg, 15%g 
a Reactions performed on a minimum of a 0.8 mmol scale of 190a-d. b Yields of isolated material. c Reaction 
performed without syringe pump addition of diazocarbonyl compound. d Diminished yield due to 
competitive C-H insertion reaction promoted by Rh. e Reaction performed at 0 ºC. f Diminished yield due 
to competitive [2,3]-rearrangement under the reaction conditions. g Unoptimized yield. 
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Preparation of 1-Benzyl-3-(allyloxy)-2-oxindole (164a) [LRC-15-DH6783] 
 
To a flame-dried 25–mL Schlenk flask fitted with a magnetic stir bar and septum was added 
indium(III) triflate (56.4 mg, 0.10 mmol, 10 mol %) and dichloromethane (5.3 mL). The reaction 
mixture was stirred at rt to give a homogeneous, colorless solution and allyl alcohol (0.11 mL, 2.0 
mmol, 2.0 equiv.) was added by syringe. To a separate flame-dried 25–mL conical flask with Ar 
inlet was added 1-benzyl-3-diazoindolin-2-one50 (250 mg, 1.0 mmol, 1.0 equiv.) and 
dicholoromethane (3.0 mL) to give a deep red solution. The solution containing the diazo 
compound was taken up in a 5.0 mL glass-tight syringe and set up in a syringe pump for dropwise 
addition. The diazo compound was added over 3 h (1.0 mL/min) dropwise at rt, over which time 
the reaction turns an orange-brown color. After full addition, the reaction was stirred at rt for an 
additional 1 h, at which time complete consumption of the diazo compound was observed by TLC 
analysis (4:1 hexanes:EtOAc). The reaction was quenched at rt by the addition of saturated 
aqueous NH4Cl (10 mL). The reaction mixture was transferred to a 125–mL separatory funnel with 
dichloromethane (20 mL) and distilled water (20 mL). The organic layer was separated, and the 
aqueous layer was extracted with dichloromethane (2 × 20 mL). The combined organic layer was 
washed with distilled water (3 × 30 mL), brine (1 × 30 mL), dried over Na2SO4, and concentrated 
under reduced pressure (15 ), and then placed under high vacuum (0.1 mm Hg) at rt for 2 h to yield 
the crude material was a brown-orange oil (257.8 mg, 92%). Purification by flash chromatography 
(SiO2, 25 mm × 160 mm, dry load on celite, 10 mL fractions, hexanes/TBME gradient elution: 
10:1 (500 mL) to 4:1 (500 mL) to 2:1 (500 mL)) yielded 1-benzyl-3-(allyloxy)-2-oxindole as a 
pink solid (214.8 mg, 77%). An analytically pure sample can be obtained by recrystallization by 
slow diffusion from a super saturated solution in a minimum of CHCl3 (1 mL) in a sealed container 
with pentane to yield long white needles. 
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Data for 164a: 
 1H NMR: (500 MHz, CDCl3) 
  7.40 (d, J = 7.2 Hz, 1 H, HC(5)), 7.35–7.24 (m, 5 H, HC(11,12,13)), 7.21 (tt, J = 
1.0, 7.7 Hz, 1 H, HC(7)), 7.05 (td, J = 1.1, 7.6 Hz, 1 H, HC(6)), 6.69 (d, J = 7.8 Hz, 
1 H, HC(8)), 6.02 (ddt, J = 5.8, 10.4, 17.1 Hz, HC(15)), 5.38 (dq, J = 1.6, 17.2 Hz, 
1 H, H2C(16)), 5.25 (dq, J = 1.3, 10.3 Hz, 1 H, H2C(16)), 5.03 (s, 1 H, HC(3)), 4.91 
(d, J = 15.8 Hz, 1 H, H2C(1)), 4.84 (d, J = 15.8 Hz, 1 H, H2C(1)), 4.42 (ddt, J = 1.5, 
5.4, 12.2 Hz, 1 H H2C(14)), 4.33 (ddt, J = 1.5, 6.2, 12.2 Hz, 1 H, H2C(14)). 
 13C NMR: (126 MHz, CDCl3) 
  174.9 (O=C(2)), 143.4 (C(4)), 135.6 (C(10)), 134.2 (HC(15)), 130.0 (HC(7)), 128.9 
(HC(11,12)), 127.8 (HC(13)), 127.5 (HC(11,12)), 125.5 (HC(5)), 125.3 (C(9)), 
123.0 (HC(6)), 118.3 (H2C(16)), 109.5 (HC(8)), 74.9 (HC(3)), 70.1 (H2C(14)), 43.8 
(H2C(1)). 
 IR: ATR-FTIR 
  3063 (w), 3032 (w), 2867 (w), 1721 (m), 1609 (m), 1493 (w), 1467 (m), 1350 (m), 
1172 (w), 1008 (w), 913 9w), 753 (m), 699 (m), 657 (w). 
 LRMS: ES+, TOF 
  222.1 (63), 223.1 (12), 280.1 (100), 302.1 (28).   
 HRMS: (ESI, [M+1]+) C18H18NO2 
  calcd: 280.1338 
  found: 280.1338 
 Analysis: C18H17NO2 (279.34) 
  calcd: C, 77.40 H, 6.13 N, 5.01 
  found: C, 77.38 H, 6.30   N, 4.99  
 TLC: Rf 0.17 (silica gel, hexanes/TBME 10:1, UV) 
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Preparation of 3-(3-Methylbut-2-en-1-yl)oxy-1-benzylindolin-2-one (164b) [LRC-15 
DH6784] 
 
To a flame-dried 25–mL Schlenk flask fitted with a magnetic stir bar and septum was added 
rhodium (II) acetate dimer (7.1 mg, 0.02 mmol, 1 mol %), dichloromethane (10.3 mL) and 3-
methylbut-2-en-1-ol (0.21 mL, 2.09 mmol, 1.3 equiv.) under Ar to give a blue-green homogeneous 
solution. To a separate flame-dried 25–mL conical flask with Ar inlet was added 1-benzyl-3-
diazoindolin-2-one (400 mg, 1.6 mmol, 1.0 equiv.) and dichloromethane (3.0 mL) to give a deep 
red solution. The solution containing the diazo compound was taken up in a 5.0 mL glass-tight 
syringe and set up in a syringe pump for dropwise addition. The diazo compound was added over 
4 h dropwise (0.75 mL/min) at rt, over which time the reaction mixture does not change color. 
After full addition, the reaction was stirred at rt for an additional 0.5 h, at which time complete 
consumption of the diazo compound was observed by TLC analysis (4:1 hexanes:EtOAc). The 
reaction was diluted with 1:1 hexanes:EtOAc (10 mL) and filtered through a silica plug to remove 
metal catalyst (4 cm × 4 cm), and the crude mixture was concentrated by rotary evaporation (15 
mm Hg) to yield the crude product as an yellow oil (910 mg). Purification by flash chromatography 
(SiO2, 25 mm × 170 mm, load in eluent, 10 mL fractions, hexanes/EtOAc isocratic elution: 10:1 
(500 mL)) yielded the desired compound as a yellow oil (443.4 mg, 88%). An analytical sample 
was obtained by distillation (air bath = 160 °C, 2.3 × 10-5 mm Hg) to yield a similarly thick yellow 
oil. 
 
Data for 164b: 
 b.p.: 160 °C (air bath, 2.3 × 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
  7.34 (d, J = 7.3 Hz, 1 H, HC(5)), 7.28–7.24 (m, 4 H, HC(11, 12)), 7.23–7.18 (m, 1 
H, HC(13)), 7.15 (tt, J = 1.1, 7.8 Hz, 1 H, HC(7)), 6.99 (td, J = 7.6, 1.1 Hz, HC(6)), 
6.64 (d, J = 7.6 Hz, 1 H, HC(8)), 5.41 (dddt, J = 7.0, 5.6, 2.8, 1.4 Hz, 1 H, HC(15)), 
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4.96 (s, 1 H, HC(3)), 4.86 (d, J = 15.6 Hz, 1 H, H2C(1)), 4.79 (d, J = 15.6 Hz, 1 H, 
H2C(1)), 4.33 (dd, J = 11.0, 6.8 Hz, 1 H, H2C(14)), 4.27 (dd, J = 11.0, 7.5 Hz, 1 H, 
H2C(14)), 1.72 (s, 3H, H3C(17)), 1.66 (s, 3 H, H3C(17)). 
 13C NMR: (126 MHz, CDCl3) 
  175.2 (O=C(2)), 143.4 (C(9)), 139.2 (Me2C(16)), 135.7 (C(10)), 129.8 (HC(7)), 
128.9 (HC(7)), 127.8 (HC(11,12,13)), 127.8 (HC(11,12,13)), 127.4 
(HC(11,12,13)), 125.6 (C(4)), 125.4 (HC(5)), 123.0 (HC(6)), 120.4 (HC(15)), 
109.4 (HC(8)), 74.7 (HC(3)), 65.4 (H2C(14)), 43.7 (H2C(1)), 26.0 (H3C(17)), 18.3 
(H3C(17)). 
 IR: ATR-FTIR 
  3059 (w), 3032 (w), 2970 (w), 2863 (w), 1712 (s), 1614 (m), 1489 (m), 1462 (m), 
1355 (m), 1297 (w), 1168 (m), 1101 (w), 1079 (m), 1025 (w), 1008 (w), 753 (m), 
700 (m), 548 (w).   
 LRMS: ES+, TOF 
  222.1 (73), 223.1 (15), 240.1 (100), 241.1 (15), 308.2 (80), 309.2 
 HRMS: (ESI, [M+1]+) C20H22NO2 
  calcd: 308.1651 
  found: 308.1651 
 Analysis: C20H21NO2 (307.39) 
  calcd: C, 78.15 H, 6.89 N, 4.56 
  found: C, 7796 H, 6.98   N, 4.65  
 TLC: Rf 0.12 (silica gel, hexanes/TBME 10:1, UV) 
 
Preparation of 3-(3-Methylbut-2-en-1-yl)oxy-1-iso-propylindolin-2-one (164c) [LRC-15-
DH6785] 
 
To a flame-dried, 25–mL, Schlenk flask fitted with a magnetic stir bar and septum was 
added rhodium (II) acetate dimer (8.8 mg, 0.02 mmol, 1 mol %), dichloromethane (12.7 mL) and 
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3-methylbut-2-en-1-ol (0.26 mL, 2.58 mmol, 1.3 equiv.) under Ar to give a blue-green 
homogeneous solution. To a separate flame-dried 25–mL conical flask with Ar inlet was added 1-
iso-propyl-3-diazoindolin-2-one (400.0 mg, 2.00 mmol, 1.0 equiv.) and dichloromethane (4.0 mL) 
to give a deep red solution. The solution containing the diazo compound was taken up in a 5.0 mL 
glass-tight syringe and set up in a syringe pump for dropwise addition. The diazo compound was 
added over 4 h dropwise (1.0 mL/min) at rt, over which time the reaction mixture does not change 
color. After full addition, the reaction was stirred at rt for an additional 0.5 h, at which time 
complete consumption of the diazo compound was observed by TLC analysis (4:1 
hexanes:EtOAc). The reaction was diluted with 1:1 hexanes:EtOAc (10 mL) and filtered through 
a silica plug to remove metal catalyst (4 cm × 4 cm), and the crude mixture was concentrated by 
rotary evaporation (15 mm Hg) to yield the crude product as an yellow oil (850 mg). Purification 
by flash chromatography (SiO2, 25 mm × 170 mm, celite load, 10 mL fractions, hexanes/EtOAc 
gradient elution: 20:1 (200 mL) to 10:1 (500 mL)) yielded the desired compound as a yellow oil 
that eventually solidified to an orange-yellow waxy solid (467.6 mg, 91%). An analytical sample 
was obtained by recrystallization from boiling hexanes to yield small cubic pale yellow crystals. 
 
Data for 164c: 
 1H NMR: (500 MHz, CDCl3) 
  7.36 (d, J = 7.4 Hz, 1 H, HC(5)), 7.27 (tt, J = 7.8, 1.1 Hz, 1 H, HC(7)), 7.04 (tt, J = 
7.4, 1.1 Hz, HC(6)), 6.96 (d, J = 7.8 Hz, 1 H, HC(8)), 5.43 (dddd, J = 6.9, 5.5, 2.8, 
1.3 Hz, 1 H, HC(12)), 4.83 (s, 1 H, HC(3)), 4.59 (hept, J = 7.0 Hz, Me2HC(1)), 4.31 
(dd, J = 11.2, 6.8 Hz, 1 H, H2C(11)), 4.25 (dd, J = 11.2, 7.4 Hz, H2C(11)), 1.75 (s, 
3 H, H3C(14)), 1.68 (s, 3 H, H3C(14)), 1.46 (d, J = 7.0 Hz, 3 H, H3C(10)), 1.46 (d, 
J = 7.0 Hz, 3 H, H3C(11)). 
 13C NMR: (126 MHz, CDCl3) 
  174.8 (O=C(2)), 143.0 (C(9)), 139.0 (C(13)), 129.6 (HC(7)), 126.1 (C(4)), 125.6 
(HC(5)), 122.4 (HC(6)), 120.5 (HC(12)), 110.1 (HC(8)), 74.6 (HC(3), 65.2 
(H2C(11)), 43.8 (Me2HC(1)), 26.0 (H3C(14)), 19.5 (H3C(10)), 19.4 (H3C(10)), 18.2 
(H3C(14)). 
 IR: ATR-FTIR 
  2983 (w), 2930 (w), 2867 (w), 2849 (w), 1707 (m), 1610 (m), 1467 (m), 1355 (m), 
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1311 (w), 1231 (w), 1199 (w), 1128 (m), 1083 (w), 958 (w), 757 (m), 695 (w), 593 
(w), 472 (w). 
 LRMS: ES+, TOF 
  132.0 (18), 174.1 (89), 175.1 (18), 192.1 (95), 193.1 (13), 260.2 (100), 261.1 (17). 
 HRMS: (ESI, [M+1]+) C16H22NO2 
  calcd: 260.1651 
  found: 260.1652 
 Analysis: C16H21NO2 (259.35) 
  calcd: C, 74.10 H, 8.16 N, 5.40 
  found: C, 74.34 H, 7.99   N, 5.38  
 TLC: Rf 0.19 (silica gel, hexanes/TBME 10:1, UV) 
 
Preparation of 1-Benzyl-3-(cinnamyloxy)-2-oxindole (166) [LRC-15-DH6711] 
 
 To a flame-dried 100–mL Schlenk flask fitted with a magnetic stir bar and septum was 
added rhodium (II) acetate dimer (18.0 mg, 0.04 mmol, 1 mol %), dichloromethane (23.5 mL) and 
(E)-cinnamyl alcohol (1.03 mL, 8.05 mmol, 2.2 equiv.) under Ar to give a blue-green 
homogeneous solution. To a separate flame-dried 25–mL conical flask with Ar inlet was added 1-
benzyl-3-diazoindolin-2-one (900.0 mg, 3.61 mmol, 1.0 equiv.) and dichloromethane (10.0 mL) 
to give a deep red solution. The solution containing the diazo compound was taken up in a 24 mL 
plastic syringe and set up in a syringe pump for dropwise addition. The diazo compound was added 
over 4 h dropwise (2.5 mL/min) at rt, over which time the reaction mixture does not change color. 
After full addition, the reaction was stirred at rt for an additional 0.5 h, at which time complete 
consumption of the diazo compound was observed by TLC analysis (3:1 hexanes:EtOAc). The 
reaction was diluted with 2:1 hexanes:EtOAc (20 mL) and filtered through a silica plug to remove 
metal catalyst (4 cm × 4 cm), and the crude mixture was concentrated by rotary evaporation (15 
mm Hg) to yield the crude product as an yellow oil. Purification by flash chromatography (SiO2, 
30 mm × 190 mm, celite load, 10 mL fractions, hexanes/EtOAc gradient elution: 20:1 (400 mL) 
to 10:1 (400 mL) to 2:1 (400 mL)) yielded 166 as an off-white solid (502 mg, 39%).   
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Data for 166: 
 1H NMR: (500 MHz, CDCl3) 
  7.44 (d, J = 7.3 Hz, 1 H), 7.42–7.38 (m, 2 H), 7.35–7.29 (m, 6 H), 7.28–7.25 (m, 2 
H), 7.22 (t, J = 7.8 Hz, 1 H), 7.07 (td, J = 7.5, 1.0 Hz, 1 H), 6.70 (d, J = 7.5 Hz, 1 
H), 6.68 (d, J = 15.3 Hz, 1 H), 6.39 (dt, J = 6.2, 15.9 Hz, 1 H), 5.10 (s, 1 H), 4.92 
(d, J = 15.7 Hz, 1 H), 4.80 (d, J = 15.6 Hz, 1 H), 4.60 (ddd, J = 1.5, 5.9, 12.1 Hz, 1 
H), 4.51 (ddd, J = 1.3, 6.8, 12.1 Hz, 1 H). 
 TLC: Rf  0.62 (silica gel, hexanes/EtOAc 3:1, UV, CAM) 
 
Preparation of 1-Tosyl-3-(allyloxy)-2-oxindole (164d) [LRC-15-DA0056] 
 
To a flame-dried 10–mL Schlenk flask fitted with a magnetic stir bar and septum was added 
rhodium (II) acetate dimer (4.2 mg, 0.01 mmol, 1 mol %), dichloromethane (3.4 mL) and allyl 
alcohol (130 μL, 1.91 mmol, 2.0 equiv.) under Ar to give a blue-green homogeneous solution. To 
a separate flame-dried 10–mL conical flask with Ar inlet was added 1-(4-tosyl)-3-diazoindolin-2-
one (300.0 mg, 0.96 mmol, 1.0 equiv.) and dichloromethane (1.0 mL) to give a deep red solution. 
The solution containing the diazo compound was taken up in a 5 mL plastic syringe and set up in 
a syringe pump for dropwise addition. The diazo compound was added over 3 h dropwise (0.33 
mL/min) at rt, over which time the reaction mixture does not change color. After full addition, the 
reaction was stirred at rt for an additional 1 h, at which time complete consumption of the diazo 
compound was observed by TLC analysis (4:1 hexanes:EtOAc). The reaction was diluted with 2:1 
hexanes:EtOAc (20 mL) and filtered through a silica plug to remove metal catalyst (4 cm × 4 cm), 
and the crude mixture was concentrated by rotary evaporation (15 mm Hg) to yield the crude 
product as an yellow oil. Purification by flash chromatography (SiO2, 25 mm × 190 mm, celite 
load, 10 mL fractions, hexanes/EtOAc gradient elution: 20:1 (200 mL) to 10:1 (200 mL) to 5:1 
(200 mL)) yielded the desired compound as an off-white solid (49.2 mg, 15%).  
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Data for 164d: 
 1H NMR: (500 MHz, CDCl3) 
  7.98 (d, J = 8.6 Hz, 2 H), 7.89 (d, J = 8.1 Hz, 1 H), 7.42–7.35 (m, 2 H), 7.32 (d, J 
= 8.6 Hz, 2 H), 7.19 (td, J = 1.0, 7.5 Hz, 1 H), 5.88 (dddd, J = 5.3, 6.5, 10.3, 17.0 
Hz, 1 H), 5.27 (dq, J = 1.7, 17.2 Hz, 1 H), 5.19 (dq, J = 1.2, 10.4 Hz, 1 H), 4.92 (s, 
1 H), 4.34 (ddt, J = 1.4, 5.3, 12.3 Hz, 1 H), 4.15 (ddt, J = 1.2, 6.6, 12.3 Hz, 1 H). 
 
4.5.3 Preparation of Synthetic Intermediates for Substrate Synthesis 
Preparation of 1-iso-Propylindoline-2,3-dione (225) [LRC-14-DH6748] 
 
To a flame-dried 250–mL single neck round-bottomed flask fitted with a magnetic stir bar, 
Ar inlet, and internal temperature probe was added isatin (8.00 g, 54.37 mmol, 1.0 equiv.). The 
flask was evacuated and backfilled with Ar twice. The orange solid was dissolved in DMF (91 
mL) to give a red, homogeneous solution. The reaction was cooled in an ice-water bath (I.T. <1 
ºC), then sodium hydride (60% dispersion in mineral oil, 2.61 g, 65.21 mmol, 1.2 equiv.) was 
added portionwise over 15 min, keeping the temperature below 10 ºC. The deep purple solution 
was stirred for an additional 2 h at 0 ºC, then 2-iodopropane (6.51 mL, 65.25 mmol, 1.2 equiv.) 
was added by syringe. The reaction was removed from the ice bath and stirred at rt for 24 h, over 
which time the reaction turns to a deep black-brown color. The reaction mixture was split into 4 
portions and extracted piecewise with EtOAc (3 × 200 mL) and distilled water (200 mL) in order 
to avoid emulsion. The combined organics were washed with brine (1 x 150 mL), dried over 
Na2SO4, and concentrated to give a black sludge (10.47 g, >100%). The crude material was 
adsorbed onto celite and purified by silica gel column chromatography (50 mm × 140 mm, 
hexanes/EtOAc gradient: 20:1 (500 mL) to 15:1 (500 mL) to 10:1 (500 L) to 4:1 (2 L) to 2:1 (1 
L)) to yield 1-isopropylindoline-2,3-dione as a dark orange powder (7.616 g, 74%). This material 
was sufficiently pure to be used directly in the next step. An analytical sample was obtained by 
recrystallization as follows. A portion of the isolated material (394 mg) was dissolved in a 
minimum of boiling 2-propanol (10 mL) to give a homogeneous, deep red solution. This solution 
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was submitted to a hot filtration through a pre-heated glass funnel and Kimwipe into a 50‒mL 
Erlenmeyer flask and diluted with an additional 15 mL of 2-propanol. The solution was reheated 
to homogeneity and allowed to cool to room temperature (no crystallization), then cooled in an 
ice-water bath to induce crystal formation. The flask was cooled at 0 °C for 2 h, then cooled to ˗20 
°C overnight (18 h). The shiny orange flakes were collected by Büchner filtration, allowed to dry 
on the filter paper for 30 min, then collected in a scintillation vial (pre-cleaned with Nochromix 
solution). The crystals were ground using a glass stir rod then dried in a drying pistol (over 
P2O5/refluxing dichloromethane) under vacuum (0.1 mm Hg) for 18 h, then at rt for 24 h. 
 
Data for 225: 
 m.p.: 57-58 °C 
 1H NMR: (500 MHz, CDCl3) 
  7.61 (dd, J = 7.4, 0.7 Hz, 1 H, HC(5)), 7.56 (td, J = 7.9, 1.4 Hz, 1 H, HC(7)), 7.09 
(t, J = 7.5 Hz, 1 H, HC(6)), 7.03 (dd, J = 8.1, 0.9 Hz, 1 H, HC(8)), 4.54 (hept, J = 
7.0 Hz, 1 H, (H3C)2HC(1)), 1.52 (d, J = 7.0 Hz, 6 H, H3C(10)). 
 13C NMR: (126 MHz, CDCl3) 
  184.0 (O=C(3)), 158.0 (O=C(2)), 150.6 (C(4)), 138.2 (HC(7)), 125.7 (HC(6)), 
123.4 (HC(5)), 118.0 (C(9)), 111.4 (HC(8)), 44.9 ((H3C)2HC(1)), 19.5 (H3C(10)). 
 IR: 1738 (w), 1717 (w), 1598 (w), 1467 (w), 1385 (w), 1350 (w), 1300 (w), 1184 (w), 
1120 (w), 1091 (w), 993 (w), 969 (w), 889 (w), 852 (w), 814 (w), 754 (w), 704 (w), 
680 (w), 561 (w), 537 (w), 475 (m). 
 LRMS: (TOF MS AP+, 5.96e6 eV) 
  132.08 (22), 146.06 (8), 148.04 (100), 149.03 (23), 189.08 (15), 190.09 (85), 191.09 
(10). 
 HRMS: (ESI, [M+1]+) 
  calcd: 190.0868  
  found: 190.0871  
 TLC: Rf 0.28 (silica gel, hexanes/EtOAc 4:1, UV) 
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Preparation of 3-Diazo-1-isopropylindolin-2-one (190b) [LRC-14-DH6750, LRC-14 
DH6752] 
 
To a 250‒mL single-neck round-bottomed flask with Ar inlet and stir bar was added 1-
isopropylindoline-2,3-dione (7.18 g, 37.21 mmol, 1.0 equiv.). The flask was evacuated and 
backfilled with Ar, and then MeOH (38.5 mL) was added. The flask was placed into a pre-heated 
oil bath (oil temperature = 60 °C) and stirred to give a homogeneous, red solution. To the hot 
reaction mixture was added p-toluenesulfonyl hydrazide (7.50 g, 39.07 mmol, 1.05 equiv.) as a 
solid in one portion. A yellow precipitate formed within 5 min. The reaction mixture was stirred 
at 60 °C overnight (20 h). The oil bath was then removed and the reaction mixture was cooled in 
an ice-water bath for 4 h. The yellow precipitate was isolated by vacuum filtration on a Büchner 
funnel and was washed with ice-cold MeOH. The free-flowing yellow powder was collected and 
dried under reduced pressure (0.1 mm Hg) at rt for 2 h to give 12.14 g (91%) of the crude hydrazone 
which was used as is in the next reaction. 
 To a 500‒mLsingle-neck round-bottomed flask fitted with stir bar, 250‒mL addition 
funnel, and Ar inlet was added crude (Z)-N'-(1-isopropyl-2-oxoindolin-3-ylidene)-4-
methylbenzenesulfonohydrazide (3.50 g, 9.79 mmol, 1.0 equiv.). The flask was evacuated and 
backfilled with Ar. THF (40 mL) was added and the reaction was stirred at rt to give a 
heterogeneous, yellow reaction mixture. The addition funnel was charged with 0.2 M aqueous 
NaOH solution (98 mL, 19.58 mmol, 2.0 equiv.). The base solution was added at rt dropwise over 
1 h and 40 min, over which time the reaction becomes orange and homogeneous. The reaction was 
then stirred at rt for an additional 3 h, at which time the reaction was complete as indicated by TLC 
(2:1 hexanes:EtOAc). The reaction mixture was diluted with EtOAc (100 mL) and transferred to 
a 500‒mL separatory funnel. The aqueous layer was separated and neutralized by the addition of 
powdered dry ice, then re-extracted with EtOAc (150 mL). The combined organic layers were 
dried over Na2SO4, filtered, and concentrated under reduced pressure (15 mm Hg) to give a bright 
orange solid (2.22 g). The crude material was adsorbed onto celite and purified by flash 
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chromatography (SiO2, 150 mm × 30 mm, dry load, 20 mL fractions, isocratic elution 
hexanes:EtOAc (4:1)) to yield 3-diazo-1-isopropyloxdinolin-2-one as a pale orange solid (89%). 
Attempts to recrystallize material from a variety of solvents was not successful. 
 
Data for 226: 
 m.p.: 178 °C (decomp.) 
 1H NMR: (500 MHz, d6-DMSO) 
  12.53 (br s, 1 H, N-H), 7.87 (d, J = 8.3 Hz, 2 H, HC(12)), 7.48 (dd, J = 7.6, 1.2 Hz, 
HC(5)), 7.44 (d, J = 8.1 Hz, 2 H, HC(13)), 7.40 (td, J = 7.5, 0.9 Hz, 1 H, HC(7)), 
7.27 (d, J = 8.0 Hz, 1 H, HC(8)), 7.09 (td, J = 7.5, 0.9 Hz, 1 H, HC(6)), 4.49 (hept, 
J = 7.0 Hz, 1 H, (H3C)2HC(1)), 2.38 (s, 3 H, H3C(15)), 1.40 (d, J = 7.0 Hz, 6 H, 
H3C(10)). 
 13C NMR: (126 MHz, d6-DMSO) 
  159.7, 144.5, 142.2, 136.5, 135.0, 129.9, 127.7, 122.7, 120.5, 119.0, 111.0, 43.7, 
21.1, 19.0. 
 IR: ATR-FTIR 
  1679 (w), 1611 (w), 1466 (w), 1391 (w), 1354 (w), 1302 (w), 1207 (w), 1165 (m), 
1105 (w), 1081 (w), 993 (w), 872 (w), 835 (m), 821 (w), 794 (w), 748 (m), 704 (w), 
678 (w), 659 (m), 628 (m), 537 (s), 505 (w), 472 (w). 
 HRMS: (ESI, [M+1]+) 
  calcd: 358.1225  
  found: 358.1223  
 TLC: Rf 0.64 (silica gel, hexanes/EtOAc 1:1, UV) 
 
Data for 190b: 
 m.p.: 113-116 °C (decomp.) 
 1H NMR: (500 MHz, CDCl3) 
  7.23‒7.13 (m, 2 H, HC(5), HC(8)), 7.11‒7.03 (m, 2 H, HC(6), HC(7)), 4.74 (hept, 
J = 7.0 Hz, 1 H, (H3C)2HC(1)), 1.52 (d, J = 7.0 Hz, 6 H, H3C(10)). 
 13C NMR: (126 MHz, CDCl3) 
  166.6 (O=C(2)), 133.1 (N2=CC(4)), 128.4 (N2=C(3)), 125.2 (HC(5)), 121.6 
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(HC(7)), 118.5 (HC(6), 117.2 (C(9)), 110.3 (HC(8)), 44.8 ((H3C)2HC(1)), 20.2 
(H3C(10)). 
 IR: ATR-FTIR 
  2102 (w), 1681 (w), 1611 (w), 1467 (w), 1408 (w), 1379 (w), 1366 (w), 1345 (w), 
1297 (w), 1201 (w), 1159 (w), 1129 (w), 1093 (w), 1012 (w), 818 (w), 748 (m), 
698 (w), 566 (w), 566 (w), 510 (w), 499 (w). 
 HRMS: (ESI, [M+1]+) 
  calcd: 202.0980  
  found: 202.0980  
 TLC: Rf 0.51 (silica gel, hexanes/EtOAc 4:1, UV/I2) 
 
4.5.4 Survey of Chiral Quaternary Ammonium Phase Transfer Catalysts 
4.5.4.1 Rearrangement of 2-allyloxy-1-tetralone 
General Procedure 10. Phase Transfer Catalyzed [2,3]-Rearrangement of 2-(Allyloxy)-1 
Tetralone Using Chiral Quaternary Ammonium Salt 
 
To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added quaternary ammonium bromide catalyst (0.0123 mmol, 
10 mol %). The vial was evacuated and backfilled with Ar twice. A stock solution of 2-allyloxy-
1-tetralone in toluene (25 mg/0.4 mL, 0.308 M) was prepared under Ar in a separate scintillation 
vial. Under Ar, 2-allyloxy-1-tetralone was added as a stock solution (0.4 mL, 0.123 mmol, 1.0 
equiv.) and additional toluene was added (0.34 mL). The Ar inlet was removed and the reaction 
was stirred (1500 rpm) in a cold room (3–5 °C) for 30 min. After temperature equilibration, stirring 
was continued and aqueous KOH (10.8 M, 42.5 wt %) solution was added by syringe (0.25 mL, 
17.8 equiv.). The reaction was then stirred (1500 rpm) for the specified amount of time (24–44 h). 
The reaction was then diluted by the addition of distilled water (0.5 mL) and Et2O (0.5 mL). The 
organic layer was removed by syringe, and the aqueous layer was extracted with Et2O (3 × 0.5 
mL). The combined organic layer was passed through a pipette containing silica and MgSO4 (4 
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cm) using Et2O to yield a crude yellow-brown oil. Conversion was assessed by 
1H NMR 
spectroscopic analysis by relative integration of internal vinyl signal of starting material and 
product using a long delay (d1 = 15 s) or by GC analysis by relative integration of the signals 
corresponding to starting material and product. Enantiomeric excess was determined by chiral 
stationary phase chromatography on the crude reaction mixture with sufficient separation from the 
racemic starting 2-allyloxy-1-tetralone (tR 7.7 min and 8.5 min). 
 
Data for 163: 
 1H NMR: (500 MHz, CDCl3) 
  8.01 (dd, J = 1.6, 7.8 Hz, 1 H), 7.53 (td, J = 1.5, 7.5 Hz, 1 H), 7.34 (t, J = 7.6 Hz, 1 
H), 7.26 (d, J = 7.7 Hz, 1 H), 5.87 (dddd, J = 6.2, 8.2, 10.3, 16.7 Hz, 1 H), 5.16 (dt, 
J = 1.1, 10.1 Hz, 1 H), 5.08 (dd, J = 1.7, 17.1 Hz, 1 H), 3.83 (br s, 1 H), 3.10 (ddd, 
J = 5.1, 12.6, 17.7 Hz, 1 H), 2.98 (ddd, J = 2.4, 5.7, 17.8 Hz, 1 H), 2.44 (dd, J = 
8.2, 14.1 Hz, 1 H), 2.39–2.31 (m, 2 H), 2.16 (td, J = 5.7, 13.0 Hz, 1 H). 
 TLC: Rf 0.34 (silica gel, hexanes/EtOAc, 4:1, UV, CAM) 
 SFC: tR 10.1 min (minor), tR 11.1 min (major) 
  (CHIRALPAK ® AD, 1.5 % MeOH in CO2, 2.5 mL/min, 254 nm, 40 °C, 200 bar) 
 
Table 37. Survey of chiral quaternary ammonium phase transfer catalysts. 
 
Notebook 
Entry 
Catalyst 
Time 
(h) 
Relative 
Conversion 
(%)b 
e.r.c 
R1 R2 
6-70 OH 
 
42 
65 (1H 
NMR) 
74:26 
6-74 OMe 44 
67 (1H 
NMR) 
72:28 
6-75 OBn 44 
67 (1H 
NMR) 
57:43 
6-76 OCH2CH=CH2 44 
57 (1H 
NMR) 
56:44 
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Table 37. Survey of chiral quaternary ammonium phase transfer catalysts (Cont. 1). 
6-72 OH 
 
42 
32 (1H 
NMR) 
72:28 
6-77 OMe 44 
48 (1H 
NMR) 
54:46 
6-78 OBn 44 
52 (1H 
NMR) 
49:51 
6-79 OCH2CH=CH2 44 
44 (1H 
NMR) 
52:48 
6-69 OH 
 
42 
78 (1H 
NMR) 
75:25 
6-71 OH 
 
42 
50 (1H 
NMR) 
75:25 
6-73 epi-OH 42 
40 (1H 
NMR) 
67:33 
7-40 OH 
 
24 14 (GC) 66:34 
7-50 OH 
 
24 36 (GC) `63:37 
7-41 OH 
 
24 46 (GC) 56:44 
CHS-1-12 OH 
 
24 34 (GC) 64:36 
7-51 OH 
 
24 82 (GC) 57:43 
CHS-1-11 OH 
 
24 14 (GC) 63:37 
7-52 OH 
 
24 47 (GC) 77:23 
7-12 
 
24 37 (GC) 52:48 
7-13 
 
24 22 (GC) 54:46 
7-14 
 
24  76 (GC) 51:49 
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Table 37. Survey of chiral quaternary ammonium phase transfer catalysts (Cont. 2). 
7-16 
 
6 58 (GC) 52:48 
7-53 
 
 
6 91 (GC) 47:53 
7-08d - - 24 11 - 
6-80d - - 44 19 - 
a Reactions performed on a 0.12 mmol scale and employed 0.10 equiv. of phase transfer catalyst, 17.8 equiv. 
of aq. KOH at 0.16 M in toluene at 3-5 ºC. b Determined by integration in crude 1H NMR spectroscopic 
analysis. c Determined by CSP-SFC analysis in the crude reaction mixture. dReactions performed in the 
absence of catalyst. 
 
4.5.4.2 Rearrangement of 3-Alkenyloxy-2-oxindoles 
General Procedure 11.  Phase Transfer Catalyzed [2,3]-Rearrangement of 3-(Alkenyloxy)-2 
oxindoles Using Chiral Quaternary Ammonium Salt 
 
 
 To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added 3-(alkenyloxy)-2-oxindole (20-25mg, 1.0 equiv.) and 
chiral quaternary ammonium phase transfer catalyst (10 mol %). The vial was evacuated and 
backfilled with Ar twice. Sparged toluene was added ([0.16 M]) and the reaction was stirred within 
a cold room for 30 min to equilibrate temperature, then a sparged aqueous 5 M KOH was added 
by syringe (10.0 equiv.). The reaction was stirred rapidly (1600 rpm) for 3 h at 3–5 ºC. After 3 h, 
the reaction was quenched at 3–5 ºC by the addition of 5 M aq. AcOH (10 equiv.). The reaction 
was then diluted by the addition of 0.3 mL of distilled water and 1.0 mL of EtOAc. The organic 
layer was removed, the aqueous layer was extracted with EtOAc (2× 0.5 mL), and then passed 
through a short plug of silica and Na2SO4 (pipette, 6 cm) and concentrated by rotary evaporation. 
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Conversion was determined by relative integration of starting material and product signals in the 
crude 1H NMR (CDCl3) to an internal standard (hexamethylsilane) using an extended delay (d1 = 
15 s). Enantiomeric ratios were determined using chiral stationary phase chromatography (HPLC 
or SFC) on the crude reaction mixture with sufficient separation from the racemic starting 3-
(alkenyloxy)-2-oxindole.  
Data for 165a (PG = Bn, R = H): 
 SFC: tR = 5.2 min (major), tR = 6.2 min (minor) 
  (CHIRALCEL ® OJ, 6% MeOH in CO2, 2.5 mL/min, 220 nm, 40 °C, 200 bar) 
 HPLC: tR = 14.0 min (major), tR = 19.0 min (minor) 
  (CHIRALCEL ® OJ-H, 91:9 hexane/isopropanol, 1.0 mL/min, 254 nm, 23 °C) 
 
Data for 165b (PG = Bn, R = Me):  
 HPLC: tR = 13.9 min (major), tR = 17.2 min (minor)  
  (starting material: tR = 13.3 min, 19.0 min) 
  (CHIRALPAK ® AD-H, 82:18 hexane/isopropanol, 0.5 mL/min, 220 nm, 15 °C) 
 
Data for 165c (PG = i-Pr, R = Me):  
 HPLC: tR = 10.1 min (major), tR = 12.0 min (minor) 
  (starting material: tR = 8.2 min, 9.1 min) 
  (CHIRALPAK ® AD-H, 82:18 hexane/isopropanol, 0.5 mL/min, 220 nm, 15 °C) 
 
Table 38. Empirical survey of chiral quaternary ammonium phase transfer catalysts with 1-benzyl-
3-allyloxy2-oxindole.a  
 
Notebook 
Entry 
Catalyst 
Yield (%)b e.r.c 
R1 R2 
CM1927A H 
 
100 60:40 
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Table 38. Empirical survey of chiral quaternary ammonium phase transfer catalysts with 1-
benzyl-3-allyloxy2-oxindole (Cont. 1).a 
 
Notebook 
Entry 
Catalyst 
Yield (%)b e.r.c 
R1 R2 
CM1925A H 
 
78 54:46 
CM1927C epi-H 
 
100 61:39 
CM1927B H 
 
88 50:50 
CM1973A H 
 
56 65:35 
CM1929A H 
 
98 59:41 
CM1973B H 
 
65 65:35 
CM1973C H 
 
38 61:39 
CM1979B H 
 
85 57:43 
CM1979A H 
 
81 53:47 
DA0064A H 
 
82 52:48 
DA0064B H 
 
75 60:40 
CM1929B Me 
 
100 54:46 
CM1926A Bn 
 
97 56:44 
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Table 38. Empirical survey of chiral quaternary ammonium phase transfer catalysts with 1-
benzyl-3-allyloxy2-oxindole (Cont. 2).a 
 
Notebook 
Entry 
Catalyst 
Yield (%)b e.r.c 
R1 R2 
CM1925B Bn 
 
96 68:32 
CM1926C Bn 
 
70 50:50 
CM1926B Bn 
 
89 64:36 
CM1926D Bn 
 
97 36:64 
CM1972A Bn 
 
92 44:56 
CM1972B Bn 
 
85 56:44 
CM1973C 
 
88 42:58 
a Reactions performed following general procedure 9. b Determined by crude 1H NMR 
integration relative to an hexamethyldisilane as an internal standard. c Determined by 
CSP-SFC. 
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Table 39. Screening of bis-quaternary ammonium salts in the [2,3]-rearrangement of oxindole 
substrates.a 
 
Notebook 
Entry 
R PG Catalyst (Ar) e.r.b 
CM1969C H Bn 
 
71:29c 
DH6738A Me Bn 70:30 
DA0083 H Bn 
 
75:25 
DH6738B Me Bn 70:30 
DH6766A Me i-Pr 59:41 
DH6738C Me Bn 
 
69:31 
DH6738D Me Bn 
 
69:31 
DH6766D Me i-Pr 68:32 
DH6739A Me Bn 
 
74:26 
DH6766B Me i-Pr 74:26 
DH6739B Me Bn 
 
68:32 
DH6739C Me Bn 
 
66:34 
CM1978A H Bn 
 
69:31c 
DH6739D Me Bn 69:31 
DA0081A H Bn 
 
71:29 
DH6740A Me Bn 69:31 
DA0081B H Bn 
 
74:26 
DH6740B Me Bn 68:32 
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Table 39. Screening of bis-quaternary ammonium salts in the [2,3]-rearrangement of oxindole 
substrates (Cont.).a 
 
DA0081D H Bn 
 
71:29 
DH6740D Me Bn 68:32 
DA0081C H Bn 
 
69:31 
DH6740C Me Bn 69:31 
DH6766C Me i-Pr 64:36 
CM1978B H Bn 
 
58:42c 
DH6767C Me i-Pr 65:35 
CM1978C H Bn 
 
57:43c 
DH6767A Me i-Pr 
 
50:50 
 
DH6767B Me i-Pr 
 
 
74:26 
a Reactions performed following general procedure 8. b Determined by CSP-HPLC 
unless otherwise noted. c Determined by CSP-SFC. 
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Table 40. Screening of diversity set in [2,3]-rearrangement of oxindole substrates.a 
 
Notebook 
Entry 
Substrate 
Catalyst (Ar) 
Relative 
Conversion 
(%)b 
e.r.c 
R Pg 
DA0040A H Bn 
 
100 70:30 
DH6735A Me Bn 92 62:38 
DH6736A Me i-Pr 100 70:30 
DH0084C H Bn 
 
100 68:32 
DH6735B Me Bn 100 65:35 
DH6763B Me i-Pr 100 65:35 
DA0040C H Bn 
 
100 62:38 
DH6735C Me Bn 100 53:47 
DH6763C Me i-Pr 100 67:33 
DA0040D H Bn 
 
100 63:37 
DH6735D Me Bn 100 48:52 
DH6763D Me i-Pr n.d.d 58:42 
DA0041A H Bn 
 
100 68:32 
DH6737A Me Bn 100 60:40 
DH6765A Me i-Pr 100 65:35 
DA0041B H Bn 
 
90 64:36 
DH6737B Me Bn 100 61:39 
DH6765B Me i-Pr 100 73:27 
DA0041C H Bn 
 
87 60:40 
DH6737C Me Bn 97 55:45 
DH6765C Me i-Pr n.d.d 71:29 
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Table 40. Screening of diversity set in [2,3]-rearrangement of oxindole substrates (Cont.).a 
DA0041D H Bn 
 
100 65:35 
DH6737D Me Bn 100 55:45 
DH6765D Me i-Pr 100 63:37 
DA0042A H Bn 
 
100 63:37 
DH6736A Me Bn 100 59:41 
DH6764A Me i-Pr 100 68:32 
DA0042B H Bn 
 
95 71:29 
DH6736B Me Bn 58e 62:38 
DH6764B Me i-Pr n.d.d 68:32 
DA0042C H Bn 
 
100 65:35 
DH6736D Me Bn 100 61:39 
DH6764D Me i-Pr 100 70:30 
DA0042C H Bn 
 
100 62:38 
DH6736C Me Bn 100 62:38 
DH6764C Me i-Pr 100 63:37 
DA0082 H Bn 
 
100 67:33 
DH6737E Me Bn 100 53:47 
DH6765E Me i-Pr 100 61:39 
CM1968-ctrl H Bn none 2f - 
DH6741B Me Bn none 4 - 
DH6768 Me i-Pr none 0g - 
a Reactions performed according to general procedure 9. b Determined by crude 1H 
NMR integration relative to an hexamethyldisilane as an internal standard. c 
Determined by CSP-HPLC. d Indicates incomplete conversion as indicated by TLC. 
e Estimated conversion due to complex mixture of side products. f Measured at 4 h. 
g Within the detection limits of 1H NMR. 
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Preparation of 1-Benzyl-3-(allyloxy)-2-oxindole (165a) [LRC-15-DH6797] 
 
 To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added 3-(allyloxy)-2-oxindole (55.9 mg, 0.20 mmol, 1.0 
equiv.) and N,N’-(3-chloro-4-fluorobenzyl)cinchonidium dibromide (14.8 mg, 0.02 mmol, 10 mol 
%). The vial was evacuated and backfilled with Ar twice. Sparged toluene was added (1.2 mL, 
[0.16 M]) and the reaction was stirred within a cold room for 30 min to equilibrate temperature, 
then a sparged aqueous 5 M KOH solution was added by syringe (0.40 mL, 2.00 mmol, 10.0 
equiv.). The reaction was stirred rapidly (1600 rpm) for 3 h at 3–5 ºC. After 3 h, the reaction was 
quenched at 3–5 ºC by the addition of 5 M aq. AcOH (0.40 mL, 10 equiv.). The reaction was then 
diluted by the addition of 0.3 mL of distilled water and 1.0 mL of EtOAc. The organic layer was 
removed, the aqueous layer was extracted with EtOAc (2× 1.0 mL), and then passed through a 
short plug of silica and Na2SO4 (pipette, 6 cm) and concentrated by rotary evaporation to give the 
crude material as a pale yellow solid (56.0 mg, quant.). Purification by column chromatography 
(SiO2, 10 mm × 140 mm, 5 mL fractions, isocratic elution (4:1 hexanes:EtOAc), 40 fractions total) 
yielded 3-allyl-3-hydroxy-1-benzyl-2oxindole as a white solid (50.3 mg, 90%). Enantiomeric ratio 
was determined after column chromatography by chiral stationary phase HPLC. An analytical 
sample was obtained by recrystallization. The white solid (25 mg) was taken up in a minimum of 
boiling hexanes (20 mL) and iso-propanol was added dropwise until the turbidity diminished to 
give a homogeneous solution (0.1 mL). This solution was allowed to cool to rt over 3 h, at which 
time crystal formation was evident. The flask was then cooled to −20 °C overnight (18 h). The 
white crystals were collected by Büchner filtration, rinsed with an excess of cold (−20 °C) hexanes, 
transferred to a No-Chromix washed scintillation vial, crushed with a spatula, and dried under 
reduced pressure (0.1 mm Hg) at rt for 24 h to yield a fine white powder (13.4 mg, 53% recovery). 
The enantiomeric ratio measured after recrystallization was diminished (50:50 e.r.) and the mother 
liquor was enriched (97:3 e.r.). The major enantiomer determined to be the (S)-enantiomer by 
comparison to the literature.181 
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Data for 165a: 
m.p.: 151–152°C (from hexanes/i-PrOH) 
1H NMR:  (500 MHz, CDCl3) 
  7.40 (d, J = 7.3 Hz, 1 H, HC(5)), 7.33–7.23 (m, 5 H, HC(11,12,13)), 7.20 (td, J = 
1.3, 7.8 Hz, 1 H, HC(7)), 7.06 (t, J = 7.6 Hz, 1 H, HC(6)), 6.70 (d, J = 7.8 Hz, 1 H, 
HC(8)), 5.66 (ddddd, J = 2.1, 6.2, 8.4, 10.5, 16.8 Hz, 1 H, HC(15)), 5.15 (dt, J = 
1.5, 17.1 Hz, 1 H, H2C(16)), 5.10 (dd, J = 2.1, 10.2 Hz, 1 H, H2C(16)), 5.02 (dd, J 
= 2.3, 15.8 Hz, 1 H, H2C(1)), 4.73 (d, J = 15.8 Hz, 1 H, H2C(1)), 3.28 and 3.20 (br 
s, 1 H OH), 2.82 (dd, J = 6.3, 13.3 Hz, 1 H, H2C(14)), 2.70 (dd, J = 8.5, 13.3 Hz, 1 
H, H2C(14)). 
 13C NMR: (126 MHz, CDCl3) 
   178.0 (O=C(2)), 142.6 (C(9)), 135.5 (C(10)), 130.6 (HC(15)), 129.7 (HC(7)), 
129.7 (C(4)), 128.9 (HC(11,12)), 127.8 (HC(13)), 127.4 (HC(11,12)), 124.3 
(HC(5)), 123.2 (HC(6)), 120.7 (H2C(16)), 109.6 (HC(8)), 76.1 (C(3)), 44.0 
(H2C(1)), 43.2 (H2C(14)). 
 IR: ATR-FTIR 
  3282 (w), 3081 (w), 2023 (w), 2983 (w), 2934 (w), 2907 (w), 1689 (m), 1614 (w), 
1471 (w), 1355 (w), 1181 (w), 1085 (w), 985 (w), 913 (w), 757 (m), 699 (m), 650 
(m). 
 LRMS: (ES+, TOF) 
  262.1 (100), 263.1 (20), 280.1 (52), 281.1 (10 
 HRMS: (ESI, [M+1]+) C18H18NO2 
  calcd: 280.1338 
  found: 280.1341 
 Analysis: C18H17NO2 (279.34) 
  calcd: C, 77.40 H, 6.13 N, 5.01 
  found: C, 77.20 H, 6.21 N, 4.91  
 TLC: Rf 0.03 (silica gel, hexanes/TBME 10:1, UV/I2) 
 HPLC: (S)-165a, tR 15.4 min (67%); (R)-165a, tR 20.6 min (33%); 
  (CHIRALCEL ® OJ-H, 90:10 hexane/isopropanol, 0.8 mL/min, 254 nm, 23 °C) 
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Preparation of 1-Benzyl-3-(2-methylbut-3-en-2-yl)-2-oxindole (165b) [LRC-15-DH6798] 
 
 To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added N,N’-(3-chloro-4-fluorobenzyl)cinchonidium dibromide 
(14.8 mg, 0.02 mmol, 10 mol %). The vial was evacuated and backfilled with Ar twice. To a 
separate one-dram glass vial equipped with a plastic screw cap and Teflon septum was added 1-
benzyl-3-((3-methylbut-2-en-1-yl)oxy)indolin-2-one (61.5 mg, 0.2 mmol, 1.0 equiv.). The vial 
was evacuated and backfilled with Ar twice, then the starting material was taken up in sparged 
toluene (0.5 mL). This stock solution was transferred to the vial containing catalyst by syringe, 
and then vial containing the starting material was rinsed with the remaining toluene (0.7 mL). The 
reaction vial was stirred within a cold room for 30 min to equilibrate temperature, then a sparged 
aqueous 5 M KOH solution was added by syringe (0.40 mL, 2.00 mmol, 10.0 equiv.). The reaction 
was stirred rapidly (1600 rpm) for 3 h at 3–5 ºC. After 3 h, the reaction was quenched at 3–5 ºC 
by the addition of 5 M aq. AcOH (0.40 mL, 10 equiv.). The reaction was then diluted by the 
addition of 0.3 mL of distilled water and 1.0 mL of EtOAc. The organic layer was removed, the 
aqueous layer was extracted with EtOAc (2× 1.0 mL), and then passed through a short plug of 
silica and Na2SO4 (pipette, 6 cm) and concentrated by rotary evaporation to give the crude material 
as a red-brown oil. Purification by column chromatography (SiO2, 10 mm × 180 mm, 5 mL 
fractions, gradient elution (hexanes:EtOAc: 10:1 (250 mL) to 4:1 (100 mL) to 3:1 (100 mL)), 50 
fractions total) yielded 3-allyl-3-hydroxy-1-benzyl2-oxindole as a pale yellow solid (50.3 mg, 
90%). Enantiomeric ratio was determined after column chromatography by chiral stationary phase 
HPLC. An analytical sample was obtained by recrystallization. The pale yellow solid (35 mg) was 
taken up in a minimum of boiling hexanes (20 mL). This solution was allowed to cool to rt over 3 
h, at which time crystal formation was evident. The flask was then cooled to −20 °C overnight (18 
h). The white crystals were collected by Büchner filtration, rinsed with an excess of cold (−20 °C) 
hexanes, transferred to a No-Chromix washed scintillation vial, crushed with a spatula, and dried 
under reduced pressure (0.1 mm Hg) at rt for 24 h to yield a fine white needles (18.1 mg, 51% 
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recovery). The enantiomeric ratio measured after recrystallization was slightly enriched (70:30 
e.r.) and the mother liquor was diminished (55:45 e.r.).  
 
Data for 165b: 
m.p.: 92–94°C (from hexanes) 
1H NMR:  (500 MHz, CDCl3) 
  7.41 (dd, J = 1.4, 7.5 Hz, 1 H, HC(5)), 7.34–7.24 (m, 4 H, HC(11,12,13)), 7.22–
7.14 (m, 2 H, HC(6), HC(11,12,13)), 7.02 (td, J = 1.0, 7.6 Hz, 1 H, HC(7)), 6.70 
(dd, J = 0.7, 7.9 Hz, 1 H, HC(8)), 6.18 (dd, J = 10.8, 17.5 Hz, 1 H, HC(15)), 5.22 
(dd, J = 1.4, 10.8 Hz, 1 H, H2C(16)), 5.15 (dd, J = 15.6 Hz, 1 H, H2C(16)), 5.06 (d, 
J = 15.6 Hz, 1 H, H2C(1)), 4.65 (d, J = 15.6 Hz, 1 H, H2C(1)), 2.82 (br s, 1 H, OH), 
1.21 (s, 3 H, H3C(17)). 
 13C NMR: (126 MHz, CDCl3) 
   178.1 ((O=C(2)), 143.7 (C(4)), 142.1 (HC(15)), 135.8 (C(9)), 129.6 (HC(6)), 128.9 
(HC(11,12)), 127.8 (HC(13)), 127.5 (HC(11,12)), 126.1 (HC(5)), 122.4 (HC(7)), 
115.8 (H2C(16)), 109.2 (HC(8)), 80.1 (C(3)), 44.1 (H2C(1)), 43.9 (C(14)), 22.4 
(H3C(17)), 20.2 (H3C(17)). 
 IR: ATR-FTIR 
  3394 (w), 3072 (2), 3059 (w), 3028 (w), 2969 (w), 1692 (m), 1605 (w), 1467 (w), 
1368 (w), 1340 (w), 1186 (w), 1119 (w), 1003 (w), 909 (w), 740 (m), 695 (m). 
 LRMS: (ES+, TOF) 
  248.1 (18), 266.1 (40), 290.2 (55), 291.2 (13), 308.2 (100), 309.2 (18). 
 HRMS: (ESI, [M+1]+) C20H22NO2 
  calcd: 308.1651 
  found: 308.1553 
 Analysis: C20H21NO2 (307.39) 
  calcd: C, 78.15 H, 6.89 N, 4.56 
  found: C, 77.87 H, 6.99 N, 4.50    
 TLC: Rf 0.04 (silica gel, hexanes/TBME 10:1, UV/I2) 
 HPLC: tR = 13.9 min (64%), tR = 17.2 min (36%)  
  (CHIRALPAK ® AD-H, 82:18 hexane/isopropanol, 0.5 mL/min, 220 nm, 15 °C) 
233 
 
Preparation of 1-Benzyl-3-(2-methylbut-3-en-2-yl)-2-oxindole (165c) [LRC-15-DH6799] 
 
To a one-dram glass vial equipped with a plastic screw cap, Teflon septum, and 1.5 cm × 
0.5 cm football-shaped stir bar was added N,N’-(3-chloro-4-fluorobenzyl)cinchonidium dibromide 
(14.8 mg, 0.02 mmol, 10 mol %). The vial was evacuated and backfilled with Ar twice. To a 
separate one-dram glass vial equipped with a plastic screw cap and Teflon septum was added 1-
iso-propyl-3-((3-methylbut-2-en-1-yl)oxy)indolin-2-one (61.5 mg, 0.2 mmol, 1.0 equiv.). The vial 
was evacuated and backfilled with Ar twice, then the starting material was taken up in sparged 
toluene (0.5 mL). This stock solution was transferred to the vial containing catalyst by syringe, 
and then vial containing the starting material was rinsed with the remaining toluene (0.7 mL). The 
reaction vial was stirred within a cold room for 30 min to equilibrate temperature, then a sparged 
aqueous 5 M KOH solution was added by syringe (0.40 mL, 2.00 mmol, 10.0 equiv.). The reaction 
was stirred rapidly (1600 rpm) for 3 h at 3–5 ºC. After 3 h, the reaction was quenched at 3–5 ºC 
by the addition of 5 M aq. AcOH (0.40 mL, 10 equiv.). The reaction was then diluted by the 
addition of 0.3 mL of distilled water and 1.0 mL of EtOAc. The organic layer was removed, the 
aqueous layer was extracted with EtOAc (2× 1.0 mL), and then passed through a short plug of 
silica and Na2SO4 (pipette, 6 cm) and concentrated by rotary evaporation to give the crude material 
as a red-brown oil. Purification by column chromatography (SiO2, 10 mm × 180 mm, 5 mL 
fractions, gradient elution (hexanes:EtOAc: 10:1 (250 mL) to 4:1 (100 mL) to 3:1 (100 mL)), 50 
fractions total) yielded 3-allyl-3-hydroxy-1-iso-propyl-2oxindole as a very thick yellow oil (52.0 
mg, quant.). An analytical sample was obtained by distillation (air bath = 140 °C, 3.2 × 10-5 mm 
Hg). 
 
Data for 165c: 
 b.p.: 140°C (air bath, 3.2 × 10-5 mm Hg) 
1H NMR:  (500 MHz, CDCl3) 
  7.38 (br d, J = 7.4 Hz, 1 H, HC(5)), 7.26 (td, J= 1.2, 7.8 Hz, 1 H, HC(7)), 7.00 (td, 
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J = 1.0, 7.6 Hz, 1 H, HC(6)), 6.93 (d, J = 7.9 Hz, 1 H, HC(8)), 6.11 (dd, J = 10.8, 
17.5 Hz, 1 H, HC(12)), 5.17 (dd, J = 1.4, 10.8 Hz, 1 H, H2C(13)), 5.09 (dd, J = 1.4, 
17.5 Hz, 1 H, H2C(13)), 4.51 (hept, J= 7.0 Hz, 1 H, HC(1)), 2.84 (br s, 1 H, OH), 
1.45 (t, J = 6.6 Hz, 1 H, H3C(10), 1.14 (s, 3 H, H3C(14)), 1.07 (s, 3 H, H3C(14)). 
 13C NMR: (126 MHz, CDCl3) 
   177.6 (O=C(2)), 143.0 (C(4)), 142.1 (HC(12)), 129.3 (HC(6)), 128.9 (C(9)), 126.2 
(HC(5)), 121.7 (HC(7)), 115.4 (H2C(13)), 109.5 (HC(8)), 79.6 (C(3)), 44.0 
(HC(1)), 43.9 (C(11), 22.2 (H3C(14)), 20.0 (H3C(14)), 19.5 (H3C(10)), 19.5 
(H3C(10)). 
 IR: ATR-FTIR 
  3435 (w), 3086 (w), 3055 (w), 2979 (w), 2939 (w), 2876 (w), 1699 (s), 1610 (m), 
1467 (m), 1359 (w), 1320 9w), 1195 (w), 1106 (w), 1003 (w), 914 (w), 757 (m), 
744 (m). 
 LRMS: (ES+, TOF) 
  200.1 (60), 201.1 (12), 242.2 (47), 243.2 (7), 260.2 (100), 261.2 (15), 282.1 (42), 
283.2 (6). 
 HRMS: (ESI, [M+1]+) C16H22NO2 
  calcd: 260.1651 
  found: 260.1654 
 TLC: Rf 0.12 (silica gel, hexanes/TBME 10:1, UV/I2) 
 HPLC: tR = 10.1 min (65%), tR = 12.0 min (35%) 
  (CHIRALPAK ® AD-H, 82:18 hexane/isopropanol, 0.5 mL/min, 220 nm, 15 °C) 
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4.5.5 Preparation of Cinchona-derived Chiral Ammonium Bromide Catalysts 
4.5.5.1 Miscellaneous Catalysts 
General Procedure 12. Synthesis of Quaternary Ammonium Bromide Salts 
 
In a 25-mL, two-necked, round-bottomed flask containing a magnetic stir bar and argon 
inlet was combined O-alkylated cinchonidine (1.0 equiv) and acetonitrile ([0.10 M]). To the 
reaction mixture, α-bromoarylmethane (1.2 equiv) was added and stirred under argon for 24 – 72h 
at room temperature. After complete consumption of O-alkylated cinchonidine as determined by 
TLC, the reaction diluted with 4 mL of dichloromethane and purified directly by silica gel 
chromatography (30 mm × 210 mm, CH2Cl2/MeOH, 20:1→10:1). 
 
 
Data for 191q:  
1H NMR:(500 MHz, d6-DMSO): 
8.97 (d, J = 4.4 Hz, 1 H), 8.27 (d, J = 8.7 Hz, 1 H), 8.10 (dd, J = 1.5, 8.4 Hz, 1 H), 
7.84 (ddd, J = 1.3, 6.9, 8.5 Hz, 1 H), 7.79 (d, J = 4.5 Hz, 1 H), 7.74 (ddd, J = 1.3, 
6.8, 8.4 Hz, 1 H),  7.57 (dd, J = 2.4, 8.1 Hz, 2 H), 7.53 (ddt, J = 2.6, 9.3, 11.6 Hz, 
1 H), 6.70 (d, J = 4.3 Hz, 1 H), 6.49 (br s, 1 H), 5.66 (ddd, J = 6.3, 10.6, 17.2 Hz, 1 
H), 5.16 (d, J = 16.7 Hz, 1 H), 5.13 (d, J = 12.0 Hz, 1 H), 5.03 (d, J = 12.4 Hz, 1 
H), 4.94 (d, J = 10.6 Hz, 1 H), 4.33–4.23 (m, 1 H), 3.86 (t, J = 8.8 Hz, 1 H), 3.74 
(dt, J = 3.8, 12.5 Hz, 1 H), 3.40–3.25 (m, 2 H), 2.69–2.61 (m, 1 H), 2.14–2.01 (m, 
2 H), 1.99 (q, J = 3.7 Hz, 1 H), 1.84–1.75 (m, 1 H), 1.27 (ddd, J = 3.0, 7.9, 11.8 Hz, 
1 H). 
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Data for 191o: 
 1H NMR: (500 MHz, CDCl3): 
8.86 (d, J = 4.5 Hz, 1 H), 8.28 (d, J = 7.6 Hz, 1 H), 8.05 (d, J = 8.4 Hz, 1 H), 7.83–
7.77 (m, 2 H), 7.64 (t, J = 7.7 Hz, 1 H), 7.44 (t, J = 7.3 Hz, 4 H), 7.60–7.48 (m, 4 
H), 7.37 (d, J = 7.5 Hz, 1 H), 6.75 (br d, J = 6.8 Hz, 1 H), 6.43–6.32 (m, 2 H), 5.35–
5.23 (m, 1 H), 5.14 (d, J = 12.2 Hz), 4.85 (d, J = 10.6 Hz, 1 H), 4.75 (br s, 1 H), 
4.68 (d, J = 17.2 Hz, 1 H), 3.26 (br t, J = 9.1 Hz, 1 H), 3.12 (td, J = 5.9, 11.6 Hz, 1 
H), 2.98 (t, J = 11.4 Hz, 1 H), 2.46–2.28 (m, 2 H), 2.24–2.12 (m, 1 H), 2.08–1.99 
(m, 1 H), 1.91–1.86 (m, 1 H), 1.66 (br t, J = 14.2 Hz, 1 H), 1.07 (t, J = 11.9 Hz, 1 
H). 
 
Data for 191m: 
1H NMR: (500 MHz, d6-DMSO):
 
8.98 (d, J = 4.5 Hz, 1 H), 8.34 (d, J = 8.4 Hz, 1 H), 8.13–8.08 (m, 3 H), 7.95 (td, J 
= 1.5, 7.7 Hz, 1 H), 7.87–7.77 (m, 3 H), 7.74 (ddd, J = 1.4, 6.8, 8.3 Hz, 1 H), 6.87 
(d, J = 2.7 Hz, 1 H), 6.56 (br s, 1 H), 5.67 (ddd, J = 6.4, 10.6, 17.2 Hz, 1 H), 5.33 
(d, J = 13.2 Hz, 1 H), 5.24 (d, J = 12.9 Hz, 1 H), 5.18 (dt, J = 1.4, 17.3 Hz, 1 H), 
4.95 (dd, J = 1.4, 10.6 Hz, 1 H), 4.50–4.39 (m, 1 H), 4.03 (t, J = 9.3 Hz, 1 H), 3.89 
(dt, J = 4.0, 12.6 Hz, 1 H), 3.42 (t, J = 11.4 Hz, 1 H), 3.26 (dd, J = 3.4, 10.7 Hz, 1 
H), 2.69–2.60 (m, 1 H), 2.16–2.03 (m, 2 H), 2.01–1.97 (m, 1 H), 1.84–1.73 (m, 1 
H), 1.22 (t, J = 11.0 Hz, 1 H). 
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Data for 191p: 
1H NMR: (500 MHz, d6-DMSO):
 
8.97 (d, J = 4.5 Hz, 1 H), 8.25 (d, J = 8.9 Hz, 1 H), 8.10 (dd, J = 1.4, 8.4 Hz, 1 H), 
7.84 (ddd, J = 1.3, 6.8, 8.4 Hz, 1 H), 7.78 (d, J = 4.5 Hz, 1 H), 7.74 (ddd, J = 1.4, 
6.8, 8.4 Hz, 1 H), 7.28 (br s, 2 H), 7.18 (br s, 1 H), 6.70 (d, J= 4.3 Hz, 1 H), 6.51 
(br d, J = 4.4 Hz, 1 H), 5.66 (ddd, J = 6.5, 10.5, 17.2 Hz, 1 H), 5.14 (dt, J = 1.3, 
17.3 Hz, 1 H), 4.98 (d, J = 12.8 Hz, 1 H), 4.95 (d, J = 11.1 Hz, 1 H), 4.87 (d, J = 
12.2 Hz, 1 H), 4.26–4.14 (m, 1 H), 3.86 (t, J = 8.8 Hz, 1 H), 3.65 (dt, J = 3.5 Hz, 
12.2 Hz, 1 H), 3.30–3.21 (m, 2 H), 2.72–2.63 (m, 1 H), 2.14–2.00 (m, 2 H), 1.99–
1.94 (m, 1 H), 1.86–1.74 (m, 1 H), 1.27 (t, J = 11.4 Hz, 1 H). 
 
 
Data for 191r: 
1H NMR: (500 MHz, d6-DMSO):
 
8.97 (d, J = 4.4 Hz, 1 H), 8.26 (d, J = 8.2 Hz, 1 H), 8.09 (dd, J = 1.4, 8.5 Hz, 1 H), 
7.85 (d, J = 3.8 Hz, 1 H), 7.84–7.80 (m, 1 H), 7.76 (d, J = 4.8 Hz, 1 H), 7.71 (ddd, 
J = 1.5, 6.9, 8.4 Hz, 1 H), 7.35 (d, J = 3.8 Hz, 1 H), 6.73 (d, J = 4.0 Hz, 1 H), 6.40 
(br s, 1 H), 5.68 (ddd, J = 6.4, 10.3, 17.1 Hz, 1 H), 5.29 (d, J = 13.8 Hz, 1 H), 5.19 
(d, J = 14.7 Hz, 1 H), 5.15 (d, J = 17.1 Hz, 1 H), 4.97 (dd, J = 1.3, 10.6 Hz, 1 H), 
4.31–4.20 (m, 1 H), 3.94 (t, J = 9.2 Hz, 1 H), 3.75–3.68 (m, 1 H), 3.62 (dd, J = 10.2, 
12.8 Hz, 1 H), 3.52–3.41 (m, 1 H), 2.73–2.62 (m, 1 H), 2.55–2.50 (m, 1 H), 2.16–
2.05 (m, 2 H), 2.04–1.98 (m, 1 H), 1.88–1.76 (m, 1 H), 1.33–1.20 (m, 1 H). 
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Data for 191u: 
1H NMR: (500 MHz, d4-MeOH):
 
8.96 (d, J = 4.6 Hz, 1 H), 8.32 (d, J = 8.3 Hz, 1 H), 8.13 (dd, J = 1.5, 8.5 Hz, 1 H), 
7.98 (d, J = 4.6 Hz, 1 H), 7.87 (t, J = 7.2 Hz, 1 H), 7.82 (t, J = 7.3 Hz, 1 H), 7.75 
(d, J = 8.9 Hz, 1 H), 7.55 (d, J = 3.1 Hz, 1 H), 7.11 (dd, J = 3.1, 8.9 Hz, 1 H), 6.68 
(br s, 1 H), 5.70 (ddd, J = 6.6, 10.5, 17.1 Hz, 1 H), 5.48 (d, J = 12.2 Hz, 1 H), 5.18 
(d, J = 17.2 Hz, 1 H), 5.12 (d, J = 12.7 Hz, 1 H), 5.00 (d, J = 10.5 Hz, 1 H), 4.78–
4.66 (m, 1 H), 4.07 (t, J = 9.3 Hz, 1 H), 3.87 (t, J = 4.3 Hz, 1 H), 3.64 (dd, J = 10.5, 
12.6 Hz, 1 H), 3.38 (dd, J = 4.6, 11.7 Hz, 1 H), 2..80–2.71 (m, 1 H), 2.32–2.16 (m, 
2 H), 2.12–2.05 (m, 1 H), 1.88 (td, J = 5.7, 11.9, 13.7 Hz, 1 H), 1.37 (ddd, J = 5.0, 
9.7, 14.8 Hz, 1 H), 0.90 (t, J = 6.5 Hz, 1 H). 
4.5.5.2 Diversity Set Catalysts 
 
Data for 196a: 
 1H NMR: (500 MHz, CD3OD) 
   8.93 (d, J = 4.6 Hz, 1 H), 8.32 (d, J = 8.3 Hz, 1 H), 8.08 (d, J = 7.6 Hz, 1 H), 7.95 
(d, J = 4.7 Hz, 1 H), 7.84‒7.75 (m, 2 H), 7.68 (dd, J = 7.0, 2.6 Hz, 1 H), 7.62 (dt, J 
= 7.8, 2.7 Hz, 1 H), 7.20 (t, J = 8.9 Hz, 1 H), 6.64 (br s, 1 H), 5.67 (ddd, J = 17.2, 
10.6, 6.7 Hz, 1 H), 5.22‒5.14 (m, 2 H), 5.09 (d, J = 12.4 Hz, 1 H), 4.97 (d, J = 10.5 
Hz, 1 H), 4.44 (ddt, J = 11.3, 8.3, 4.3 Hz, 1 H), 4.03 (t, J = 8.9 Hz), 3.77‒3.70 (m, 
1 H), 3.46 (t, J = 11.2 Hz, 1 H), 3.39 (td, J = 12.0, 4.8 Hz, 1 H), 2.78‒2.67 (m, 1 
H), 2.34 (s, 3 H), 2.28‒2.19 (m, 2 H), 2.08‒2.02 (m, 1 H), 1.95‒1.79 (m, 1 H), 1.43‒
1.35 (m, 1 H).  
 13C NMR: (126 MHz, CD3OD) 
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  164.0 (d, JC-F = 248.0 Hz), 151.0, 148.7, 147.5, 138.7, 138.3 (d, JC-F = 5.8), 134.4 
(d, JC-F = 5.8 Hz), 131.2, 130.4, 129.2, 127.3 (d, JC-F = 17.9 Hz), 126.1, 124.5 (d, 
JC-F = 3.8 Hz), 124.1, 121.3, 117.5, 116.8 (d, JC-F = 23f0 Hz), 69.6, 66.3, 64.4, 61.9, 
52.6, 39.1, 28.0, 25.9, 22.5, 14.5. 
 19F NMR: (470 MHz, CD3OD) 
  ˗116.9 (br s). 
 LRMS: (ES+): 
  111.3 (2), 209.3 (2), 417.4 (100), 418.4 (45), 419.4 (25), 420.4 (2). 
 
 
Data for 196b: 
 1H NMR: (500 MHz, CD3OD) 
   8.95 (d, J = 4.6 Hz, 1 H), 8.30 (d, J = 8.3 Hz, 1 H), 8.14 (d, J = 9.1 Hz, 1 H), 7.98 
(t, J = 1.8 Hz, 1 H), 7.95 (d, J = 4.6 Hz, 1 H), 7.90‒7.84 (m, 2 H), 7.81 (ddd, J = 
8.3, 6.8, 1.4 Hz, 1 H), 7.73‒7.64 (m, 4 H), 7.48 (t, J = 7.7 Hz, 2 H), 7.39 (t, J = 7.4 
Hz, 1 H), 6.68 (br s, 1 H), 5.70 (ddd, J = 17.2, 10.5, 6.7 Hz, 1 H), 5.25 (d, J = 12.4 
Hz, 1 H), 5.15 (d, J = 17.2 Hz, 1 H), 5.09 (d, J = 12.4 Hz, 1 H), 5.00 (d, J = 10.5 
Hz, 1 H), 4.54‒4.45 (m, 1 H), 4.03 (t, J = 9.1 Hz, 1 H), 3.69 (ddd, J = 122.8, 5.1, 
3.0 Hz, 1 H), 3.57 (dd, J = 12.8, 10.6 Hz, 1 H), 3.49 (td, J = 12.0, 4.6 Hz, 1 H), 
2.78‒2.70 (m, 1 H), 2.35‒2.21 (m, 2 H), 2.09 (dt, J = 5.5, 3.3 Hz, 1 H), 1.90 (ddt, J 
= 17.8, 11.3, 2.7 Hz, 1 H), 1.46 (dtt, J = 13.6, 6.9, 2.9 Hz, 1 H).  
 13C NMR: (126 MHz, CD3OD) 
  151.0, 148.8, 147.5, 143.7, 141.1, 138.7, 133.6, 133.4, 131.2, 130.9, 130.4, 130.2, 
130.1, 129.3, 129.2, 129.0, 128.2, 1226.2, 124.1, 121.3, 117.5, 69.7, 66.3, 65.2, 
52.9, 39.2, 28.0, 26.0, 22.5. 
 LRMS: (ES+): 
  111.2 (2), 231.3 (4), 461.4 (100), 462.5 (40), 463.5 (12), 464.4 (4). 
 
240 
 
 
Data for 196c: 
 1H NMR: (500 MHz, CD3OD) 
   8.95 (d, J = 4.5 Hz, 1 H), 8.33 (d, J = 8.5 Hz, 1 H), 8.17 (dd, J = 6.6, 2.3 Hz, 1 H), 
8.14‒8.10 (m, 2 H), 7.96 (dd, J = 4.6, 0.9 Hz, 1 H), 7.85 (ddd, J = 8.4, 6.9, 1.5 Hz), 
7.81 (ddd, J = 8.3, 6.9, 1.5 Hz, 1 H), 7.57 (dd, J = 10.3, 8.5 Hz, 1 H), 6.64 (br s, 1 
H), 5.68 (ddd, J = 17.2, 10.5, 6.7 Hz, 1 H), 5.29 (d, J = 12.6 Hz, 1 H), 5.18 (d, J = 
12.6 Hz, 1 H), 5.17 (d, J = 17.2 Hz, 1 H), 5.00 (dt, J = 10.5, 1.2 Hz, 1 H), 4.50 (ddp, 
J = 10.8, 8.4, 2.9 Hz, 1 H), 4.03 (ddt, J = 10.5, 8.4, 2.1 Hz, 1 H), 3.73 (ddd, J = 
12.6, 4.9, 3.1 Hz, 1 H), 3.47 (dd, J = 12.6, 10.6 Hz, 1 H), 3.38 (tdd, J = 11.4, 5.0, 
1.8 Hz, 1 H), 2.77‒2.69 (m, 1 H), 2.33‒2.19 (m, 2 H), 2.08 (q, J = 3.1 Hz, 1 H), 
1.90 (dddd, J = 16.2, 11.0, 5.3, 2.7 Hz, 1 H), 1.42 (tdd, J = 13.5, 6.5, 3.6 Hz, 1 H). 
 13C NMR: (126 MHz, CD3OD) 
  162.3 (d, JC-F = 259.4 Hz), 151.0, 148.7, 147.4, 141.6 (d, JC-F = 9.4 Hz), 138.6, 
133.9 (d, JC-F = 2.9 Hz), 131.2, 130.3, 129.2, 125.9, 125.8 (d, JC-F = 4.0 Hz), 124.2, 
123.8 (q, JC-F = 272.0 Hz), 121.3, 120.0 (dd, JC-F = 32.9, 13.5 Hz), 119.2 (d, JC-F = 
21.3 Hz), 117.6, 69.9, 66.3, 63.4, 61.8, 52.7, 39.1, 28.0, 25.9, 22.5. 
 19F NMR: (470 MHz, CD3OD) 
  ˗ 63.3 (d, J = 18.8 Hz, CF3), ˗114.2 (td, J = 12.5, 6.3 Hz, Ar-F). 
 LRMS: (ES+) 
  111.3 (2), 236.3 (2), 471.4 (100), 472.4 (40), 473.4 (15), 747.5 (2). 
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Data for 196d: 
 1H NMR: (500 MHz, CD3OD) 
   8.94 (d, J = 4.6 Hz, 1 H), 8.33‒8.25 (m, 1 H), 8.11 (dd, J = 8.4, 1.7 Hz, 1 H), 7.95 
(d, J = 4.6 Hz), 7.88‒7.82 (m, 1 H), 7.82‒7.74 (m, 2 H), 7.67 (d, J = 8.1 Hz, 1 H), 
6.69 (br s, 1 H), 5.66 (ddd, J = 17.2, 10.5, 6.7 Hz, 1 H), 5.44 (d, J = 13.0 Hz, 1 H), 
5.15 (d, J = 17.2 Hz, 1 H), 5.06‒4.95 (m, 2 H), 4.55 (dt, J = 11.6, 7.9 Hz, 1 H), 4.07 
(br t, J = 9.2 Hz, 1 H), 3.84‒3.73 (m, 1 H), 3.54 (dd, J = 12.4, 10.5 Hz, 1 H), 3.34‒
3.27 (m, 1 H), 3.19 (td, J = 11.4, 4.3 Hz, 1 H), 2.77‒2.68 (m, 1 H), 2.66 (s, 3 H), 
2.32‒2.14 (m, 1 H), 2.08‒2.03 (m, 2 H), 1.90‒1.78 (m, 1 H), 1.35 (br t, J = 11.7 
Hz, 1 H).  
 13C NMR: (126 MHz, CD3OD) 
  151.0, 148.7, 147.4, 146.7, 138.7, 134.1, 132.6 (q, JC-F = 3.7 Hz), 131.2, 130.4, 
130.0 (d, JC-F = 31.5 Hz), 129.2, 128.5, 128.4 (q, JC-F = 4.1 Hz), 126.1, 124.0, 121.3, 
117.6, 69.6, 66.6, 62.0, 61.5, 52.7, 39.3, 27.7, 26.0, 22.7, 20.8. 
 19F NMR: (470 MHz, CD3OD) 
  ˗64.3 (s, 3F). 
 LRMS: (ES+): 
  111.4 (2), 234.4 (3), 467.4 (100), 468.5 (50), 469.5 (20), 470.4 (3). 
 
 
Data for 196i: 
 1H NMR: (500 MHz, CD3OD) 
   8.96 (d, J = 4.6 Hz, 1 H), 8.31 (d, J = 8.5 Hz, 1 H), 8.13 (dd, J = 8.4, 1.3 Hz, 1 H), 
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7.97 (dd, J = 4.6, 0.9 Hz, 1 H), 7.90‒7.79 (m, 3 H), 7.67 (tdd, J = 7.4, 5.3, 1.8 Hz, 
1 H), 7.43 (td, J = 7.6, 1.2 Hz, 1 H), 7.38 (ddd, J = 9.7, 8.4, 1.1 Hz, 1 H), 6.67 (br 
d, J = 2.4 Hz, 1 H), 5.70 (ddd, J = 15.7, 10.5, 6.9 Hz, 1 H), 5.35 (d, J = 12.7 Hz, 1 
H), 5.16 (d, J= 17.2 Hz, 1H), 5.01 (d, J = 10.4 Hz, 1 H), 4.99 (d, J = 12.4 Hz, 1 H), 
4.51 (ddt, J = 11.7, 8.0 4.3 Hz, 1 H), 4.06 (t, J = 9.2 Hz, 1 H), 3.70 (dt, J = 12.5, 
4.0 Hz, 1 H), 3.57 (dd, J = 12.7, 10.5 Hz, 1 H), 3.36‒3.27 (m, 1 H), 2.79‒2.70 (m, 
1 H), 2.33‒2.20 (m, 2 H), 2.08 (br q, J = 3.3 Hz, 1 H), 1.95‒1.84 (m, 1 H), 1.42 
(ddt, J = 13.6, 10.1, 3.3 Hz, 1 H). 
 13C NMR: (126 MHz, CD3OD) 
  163.7 (d, JC-F = 249.5 Hz), 151.0, 148.7, 147.5, 138.7, 136.9 (d, JC-F = 2.0 Hz), 
134.7 (d, JC-F = 9.0 Hz), 131.2, 130.2, 129.2, 126.4 (d, JC-F = 3.5 Hz), 126.1, 124.1, 
121.3, 117.6 (d, JC-F = 22.4 Hz), 117.5, 116.2 (d, JC-F = 13.6 Hz), 69.7, 66.4, 62.1, 
58.5, 52.9, 39.2, 27.8, 26.0, 22.6.  
 19F NMR: (470 MHz, CD3OD) 
  ˗113.5. 
 LRMS: (ES+): 
  111.3 (17), 202.4 (2), 212.9 (2), 327.1 (2), 403.4 (100), 404.4 (30), 405.3 (12), 
406.4 (2). 
 
 
Data for 196j: 
 1H NMR: (500 MHz, CD3OD) 
   8.95 (d, J = 4.6 Hz, 1 H), 8.31 (d, J = 8.2 Hz, 1 H), 8.12 (d, J = 8.2 Hz, 1 H), 
7.97 (d, J = 5.8 Hz, 1 H), 7.90‒7.71 (m, 3 H), 7.46 (t, J = 8.7 Hz, 1 H), 6.62 (br s, 
1 H), 5.68 (ddd, J = 17.2, 10.6, 6.8 Hz, 1 H), 5.19 (d, J = 12.3 Hz, 1 H), 5.17 (d, J= 
17.0 Hz, 1 H), 5.08 (d, J = 12.5 Hz, 1 H), 5.00 (d, J = 10.4 Hz, 1 H), 4.53‒4.40 (m, 
1 H), 4.00 (t, J = 8.9 Hz, 1 H), 3.69 (br d, J = 13.2 Hz, 1 H), 3.48 (t, J = 11.6 Hz, 1 
H), 3.40 (td, J = 11.4, 4.4 Hz, 1 H), 2.79‒2.65 (m, 1 H), 2.34‒2.17 (m, 2 H), 2.12‒
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2.04 (m, 1 H), 1.89 (br t, J = 10.9 Hz, 1 H), 1.40 (t, J = 11.4 Hz, 1 H). 
 13C NMR: (126 MHz, CD3OD) 
  160.7 (d, JC-F = 252.4 Hz), 151.0, 148.7, 147.4, 138.6, 137.2, 135.6 (d, JC-F = 8.0 
Hz), 131.1, 130.3, 129.2, 126.4 (d, JC-F = 4.1 Hz), 126.0, 124.2, 122.8 (d, JC-F = 
18.1 Hz), 121.3, 118.5 (d, JC-F = 21.7 Hz), 117.6, 69.8, 66.3, 63.5, 61.8, 52.7, 39.1, 
28.0, 25.9, 22.5. 
 19F NMR: (470 MHz, CD3OD) 
  ˗115.0 (br q, J = 6.9 Hz). 
 LRMS: (ES+): 
  111.3 (15), 219.2 (2), 235.4 (2), 437.3 (100), 439.4 (63), 440.4 (18), 441.5 (2). 
 
 
Data for 196l: 
 1H NMR: (500 MHz, CD3OD) 
  8.95 (d, J = 4.6 Hz, 1 H), 8.30 (dd, J = 8.4, 1.3 Hz, 1 H), 8.13 (d, J = 8.4 Hz, 1 H), 
7.96 (d, J = 4.6 Hz, 1 H), 7.91‒7.78 (m, 4 H), 7.73 (d, J = 7.7 Hz, 1 H), 7.67 (dd, J 
= 7.8, 1.6 Hz, 1 H), 7.35 (s, 1 H), 7.21 (d, J= 7.3 Hz, 1 H), 6.69 (br s, 1 H), 5.71 
(ddd, J = 17.2, 10.5, 6.8 Hz, 1 H), 5.24 (d, J = 12.4 Hz, 1 H), 5.16 (dt, J = 17.2, 1.1 
Hz, 1 H), 5.08 (d, J = 12.4 Hz, 1 H), 5.01 (dd, J = 10.5, 1.3 Hz, 1 H), 4.50 (tdd, J = 
11.3, 5.2, 2.7 Hz, 1 H), 4.02 (br t, J = 9.3 Hz, 1 H), 3.71 (br d, J = 12.2 Hz, 1 H), 
3.56 (dd, J = 12.8, 10.6 Hz, 1 H), 3.47 (td, J = 11.1, 4.0 Hz, 1 H), 2.78‒2.69 (m, 1 
H), 2.71 (t, J = 7.8 Hz, 2 H), 2.34‒2.21 (m, 2 H), 2.08 (q, J = 3.1 Hz, 1 H), 1.96‒
1.85 (m, 1 H), 1.66 (tt, J = 7.8, 6.6 Hz, 2 H), 1.53 (s, 3 H), 1.48 (s, 3 H), 1.42 (dt, J 
= 14.9, 7.4 Hz, 3 H), 0.97 (t, J = 7.4 Hz, 3 H). 
 13C NMR: (126 MHz, CD3OD) 
  156.0, 155.7, 151.1, 148.8, 147.6, 144.9, 143.2, 138.8, 136.8, 133.9, 131.2, 130.4, 
129.2, 128.7, 126.6, 126.2, 126.2, 124.1, 123.9, 121.5, 121.3, 121.3, 117.5, 69.5, 
66.3, 65.7, 62.0, 52.8, 48.0, 39.2, 37.0. 35.2, 28.1, 27.4, 27.4, 27.2, 26.0, 23.5, 22.5, 
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14.3. 
 LRMS: (ES+): 
  111.3 (70), 133.1 (12), 157.2 (20), 179.1 (38), 279.4 (4), 318.5 (4), 357.5 (6), 
501.5 (2), 557.6 (100), 558.6 (40), 559.7 (12), 560.6 (2). 
 
 
Data for 196k: 
 1H NMR: (500 MHz, CD3OD) 
  8.96 (d, J = 4.6 Hz, 1 H), 8.27 (d, J = 8.2 Hz, 1 H), 8.13 (d, J = 8.3 Hz, 1 H), 7.99‒
7.95 (m, 3 H), 7.87 (ddd, J = 8.4, 6.9, 1.3 Hz, 1 H), 7.84‒7.78 (m, 3 H), 7.74 (d, J 
= 8.2 Hz, 2 H), 7.69 (J = 8.4 Hz, 2 H), 7.41 (d, J = 2.3 Hz, 2 H), 6.65 (br s, 1 H), 
5.69 (ddd, J = 17.2, 10.5, 6.8 Hz, 1 H), 5.19 (d, J = 13.3 Hz, 1 H), 5.15 (d,  J = 17.2 
Hz, 1 H), 5.01 (d, J = 10.5 Hz, 1 H), 5.00 (d, J = 12.5 Hz, 1 H), 4.47 (tt, J = 11.2, 
4.3 Hz, 1 H), 4.00 (dd, J = 10.4, 8.1 Hz, 1 H), 3.69‒3.63 (m, 1 H), 3.52 (dd, J = 
12.8, 10.6 Hz, 1 H), 3.43 (td, J = 11.7, 5.0 Hz, 1 H), 2.78‒2.69 (m, 1 H), 2.34‒2.18 
(m, 2 H), 2.08 (q, J = 3.2 Hz, 1 H), 1.93‒1.84 (m, 1 H), 1.61 (s, 9 H), 1.42 (ddt, J 
= 13.5, 10.2, 3.0 Hz, 1 H).  
 13C NMR: (126 MHz, CD3OD) 
  167.0, 151.1, 148.8, 147.5, 146.5, 142.7, 140.8, 138.8, 135.3, 134.7, 132.3, 131.2, 
130.8, 130.5, 129.1, 128.5, 128.1, 127.7, 126.1, 124.0, 121.3, 117.5, 82.3, 69.7, 
66.3, 65.0, 62.1, 52.7, 39.2, 28.5, 28.0, 26.0, 22.5. 
 HRMS: (ES+): 
  111.3 (100), 133.1 (20), 157.1 (28), 179.1 (50), 181.2 (4), 295.3 (11), 587.6 (82), 
588.6 (40), 589.5 (15).  
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Data for 196e: 
 1H NMR: (500 MHz, CD3OD) 
   8.95 (d, J = 4.5 Hz, 1 H), 8.27 (dd, J = 8.4, 1.4 Hz, 1 H), 8.13 (dd, J = 8.5, 1.4 Hz, 
1 H), 7.95 (dd, J = 4.6, 0.9 Hz, 1 H), 7.91‒7.83 (m, 1 H), 7.80 (td, J = 7.6, 7.0, 1.2 
Hz, 1 H), 7.38 (s, 1 H), 7.38 (dt, J = 9.2, 2.1 Hz, 1 H), 7.18 (dt, J = 9.2, 1.7 Hz, 1 
H), 6.62 (br s, 1 H), 5.69 (ddd, J = 17.2, 10.5, 6.7 Hz, 1 H), 5.18‒5.12 (m, 2 H), 
5.01 (d, J = 10.5 Hz, 1 H), 4.96 (d, J = 12.4 Hz, 1 H), 4.50‒4.41 (m, 1 H), 3.97 (tt, 
J = 8.4, 2.2 Hz, 1 H), 3.63 (ddd, J = 12.7, 5.0, 3.1 Hz, 1 H), 3.51 (dd, J = 12.7, 10.5 
Hz, 1 H), 3.47‒3.39 (m, 1 H), 2.78‒2.69 (m, 1 H), 2.46 (s, 3 H), 2.32‒2.20 (m, 2 
H), 2.08 (br q, J = 3.4 Hz, 1 H), 1.94‒1.86 (m, 1 H), 1.42 (ddd, J = 13.6, 8.2, 5.0 
Hz, 1 H). 
 13C NMR: (126 MHz, CD3OD) 
  164.2 (d, JC-F = 246.3 Hz), 151.0, 148.7, 147.6, 143.3 (d, JC-F = 8.2 Hz), 138.7, 
131.6 (d, JC-F = 2.7 Hz), 131.2, 130.6 (d, JC-F = 8.3 Hz), 130.3, 129.2, 126.1, 124.2, 
121.3, 119.1 (d, JC-F = 21.2 Hz), 118.6 (d, JC-F = 22.6 Hz), 117.5, 69.8, 66.3, 64.4, 
62.1, 52.9, 39.1, 27.9, 25.9, 22.5, 21.3.  
 19F NMR: (470 MHz, CD3OD) 
  ˗114.8 (t, J = 9.1 Hz). 
 HRMS: (ES+): 
  295.3 (20), 417.2 (100), 418.4 (73), 419.4 (25), 420.4 (4). 
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Data for 196f: 
 1H NMR: (500 MHz, CD3OD) 
   8.96 (d, J = 4.5 Hz, 1 H), 8.31 (dd, J = 8.4, 1.4 Hz, 1 H), 8.13 (dd, J = 8.6, 1.3 Hz, 
1 H), 7.96 (d, J = 4.7 Hz, 1 H), 7.94‒7.89 (m, 1 H), 7.85 (ddd, J = 8.4, 6.9, 1.4 Hz, 
1 H), 7.81 (ddd, J = 8.3, 6.8, 1.4 Hz, 1 H), 6.63 (br s, 1 H), 5.70 (ddd, J = 17.2, 
10.5, 6.7 Hz, 1 H), 5.30 (d, J = 12.9 Hz, 1 H), 5.18 (d, J = 17.2 Hz, 1 H), 5.02‒4.97 
(m, 2 H), 4.49 (dddd, J = 14.7, 11.6, 7.0, 3.8 Hz, 1 H), 4.05 (br t, J = 9.2 Hz, 1 H), 
3.71 (ddd, J = 12.6, 4.8, 3.0 Hz, 1 H), 3.61 (dd, J = 12.5, 10.5 Hz, 1 H), 3.37‒3.30 
(m, 2 H), 2.81‒2.73 (m, 1 H), 2.31‒2.21 (m, 2 H), 2.12‒2.07 (m, 1 H), 1.91 (tdd, J 
= 12.7, 7.0, 4.2 Hz, 1 H), 1.44‒1.36 (m, 1 H). 
 13C NMR: (126 MHz, CD3OD) 
  159.4 (dd, JC-F = 248.8, 10.1, 26 Hz), 153.5 (dt, JC-F = 255.5, 14.1), 151.0, 148.7, 
148.7, 148.5 (dd, JC-F = 239.4, 12.2, 2.9), 147.4, 138.6, 131.2, 130.4, 129.2, 126.1, 
124.4 (d, JC-F = 18.0 Hz), 124.1, 121.3, 117.6, 113.0 (dt, JC-F = 16.0, 4.4 Hz), 107.9 
(dd, JC-F = 29.3, 21.5). 
 19F NMR: (470 MHz, CD3OD) 
   ˗113.6 (dd, J = 16.8, 8.8 Hz, 1 F), ˗131.0 (dt, J = 30.8, 8.5 Hz, 1 F), ˗143.2 (ddd, J 
= 22.9, 19.7, 12.7 Hz, 1F). 
 LRMS: (ES+): 
  111.3 (3), 439.4 (100), 440.4 (30), 441.4 (12), 442.4 (2). 
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Data for 196g: 
 1H NMR: (500 MHz, d6-DMSO) 
  8.97 (d, J = 4.4 Hz, 1 H), 8.31 (d, J = 8.4 Hz, 1 H), 8.09 (d, J – 8.4 Hz, 1 H), 8.06 
(d, J = 8.1 Hz, 2 H), 7.98 (d, J = 8.1 Hz, 2 H), 7.83 (t, J  = 7.6 Hz, 1 H), 7.80 (d, J 
= 4.5 Hz, 1 H), 7.74 (ddd, J = 8.4, 6.9, 1.4 Hz, 1 H), 6.75 (d, J = 4.5 Hz, 1 H), 6.53 
(br s, 1 H), 5.66 (ddd, J = 17.2, 10.6, 6.4 Hz, 1 H), 5.28 (d, J = 12.2 Hz, 1 H), 5.16 
(d, J = 16.9 Hz, 1 H), 5.16 (d, J = 12.6 Hz, 1 H), 4.94 (d, J = 10.3 Hz, 1 H), 4.36‒
4.25 (m, 1 H), 3.93 (br t, J = 8.6 Hz, 1 H), 3.82 (br d, J = 12.3 Hz, 1 H), 3.30 (dd, 
J = 12.2, 10.6 Hz, 1 H), 3.21 (td, J = 11.6, 5.1 Hz, 1 H), 2.68‒2.60 (m, 1 H), 2.15‒
2.01 (m, 2 H), 2.01‒1.95 (m, 1 H), 1.78 (td, J = 12.8, 12.1, 6.3 Hz, 1 H), 1.31‒1.23 
(m, 1 H). 
 13C NMR: (126 MHz, d6-DMSO) 
  150.2, 147.6, 145.1, 138.0, 134.8, 133.4, 132.7, 129.9, 129.4, 127.3, 124.3, 123.7, 
120.1, 118.4, 116.4, 67.9, 64.0, 61.8, 59.3, 50.8, 36.9, 25.9, 24.2, 21.0. 
 LRMS: (ES+): 
  111.3 (4), 295.3 (2), 410.4 (100), 411.4 (30), 412.4 (10), 413.3 (5). 
 
 
Data for 196h: 
 1H NMR: (500 MHz, CD3OD) 
  8.96 (d, J = 4.5 Hz, 1 H), 8.33 (dd, J = 8.4, 1.4 Hz, 1 H), 8.13 (dd, J = 8.4, 1.4 Hz, 
1 H), 7.97 (d, J = 4.6 Hz), 7.87 (ddd, J = 8.4, 6.9, 1.4 Hz), 7.81 (ddd, J = 8.2, 6.8, 
1.4 Hz, 1 H), 7.56 (dd, J = 9.5, 2.8 Hz, 1 H), 7.47 (ddd, J = 8.7, 5.8 Hz, 1 H), 7.25 
(td, J = 8.3, 2.7 Hz, 1 H), 6.69 (br d, J = 2.6 Hz, 1 H), 5.69 (ddd, J = 17.2, 10.5, 6.6 
Hz, 1 H), 5.37 (d, J = 12.8 Hz, 1 H), 5.18 (dd, J = 17.2, 1.2 Hz, 1 H), 5.00 (d, J = 
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10.5 Hz, 1 H), 4.98 (d, J = 12.6 Hz, 1 H), 4.55 (tdd, J = 11.2, 5.8, 3.0 Hz, 1 H), 4.08 
(td, J = 8.9, 8.4, 2.1 Hz, 1 H), 3.79 (ddd, J = 12.6, 4.6, 3.1 Hz, 1 H), 3.62 (dd, J = 
12.5, 10.5 Hz, 1 H), 3.24 (tdd, J = 11.3, 4.4, 1.7 Hz, 1 H), 2.80‒2.71 (m, 1 H), 2.56 
(s, 3 H), 2.30‒2.17 (m, 2 H), 2.08 (q, J = 3.3 Hz, 1 H), 1.86 (tdd, J = 10.9, 5.7, 3.0 
Hz, 1 H), 1.36 (dddd, J = 13.3, 10.5, 5.1, 2.8 Hz, 1 H). 
 13C NMR: (126 MHz, CD3OD) 
  162.2 (d, JC-F = 244.7 Hz), 151.0, 148.7, 147.5, 138.7, 137.7 (d, JC-F = 3.3 Hz), 
134.7 (d, JC-F = 7.8 Hz), 131.2, 130.3, 129.2, 129.1 (d, JC-F = 7.3 Hz), 126.1, 124.1, 
122.2 (d, JC-F = 22.3 Hz), 121.3, 118.8 (d, JC-F = 20.9 Hz), 117.5, 69.4, 66.6, 62.1, 
61.7, 52.6, 39.2, 27.6, 26.0, 22.7, 19.9. 
 19F NMR: (470 MHz, CD3OD) 
  ˗118.2 (q, J = 8.8 Hz). 
 LRMS: (ES+): 
  111.3 (2), 417.4 (100), 418.4 (45), 419.4 (15), 420.4 (2). 
   
 
 
Data for 196m: 
 1H NMR: (500 MHz, CD3OD) 
  8.96 (d, J = 4.6 Hz, 1 H), 8.33 (d, J = 8.6, 1.4 Hz, 1 H), 8.14 (dd, J = 8.4, 1.3 Hz, 1 
H), 7.96 (dd, J = 4.5, 0.9 Hz, 1 H), 7.91‒7.85 (m, 2 H), 7.85‒7.79 (m, 2 H), 6.69 
(br s, 1 H), 5.72 (ddd, J = 17.2, 10.5, 6.7 Hz, 1 H), 5.47 (d, J = 13.0 Hz, 1 H), 5.20 
(d, J = 13.0 Hz, 1 H), 5.16 (d, J = 17.2 Hz, 1 H), 5.03 (d, J = 10.5 Hz, 1 H), 4.60 
(dddd, J = 14.0, 11.3, 6.9, 3.9 Hz, 1 H), 4.09 (ddd, J = 10.3, 8.1, 2.3 Hz, 1 H), 3.74 
(ddd, J = 12.6, 5.1, 3.0 Hz, 1 H), 3.63 (dd, J = 12.6, 10.5 Hz, 1 H), 3.43‒3.34 (m, 1 
H), 2.74 (ddd, J = 10.0, 4.5, 2.2 Hz, 1 H), 2.68 (s, 3 H), 2.36‒2.21 (m, 2 H), 2.09 
(dt, J = 5.1, 2.9 Hz, 1 H), 1.88 (tdd, J = 11.2, 5.1, 2.5 Hz, 1 H), 1.47 (tt, J = 10.2, 
3.7 Hz, 1 H). 
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 13C NMR: (126 MHz, CD3OD) 
  168.2, 151.4, 151.1, 148.8, 147.4, 144.5, 138.6, 131.3, 131.2, 131.1, 130.4, 129.2, 
126.1, 124.3, 122.9, 121.3, 117.6, 113.5, 69.7, 66.4, 62.5, 59.2, 53.7, 39.2, 27.7, 
26.0, 22.6, 14.4. 
 LRMS: (ES+): 
  111.3 (71), 133.1 (8), 157.1 (7), 179.1 (25), 315.9 (4), 474.4 (100), 476.4 (40), 
477.4 (15), 478.6 (2). 
 
4.5.6 Bisammonium Bromide Salt Preparations 
 General Procedure 8. Synthesis of Di-Quaternarized Ammonium Bromide Salts 
 
To a 10–mL Schlenk flask fitted with a stir bar and septum was added cinchonidine (100 
mg, 0.34 mmol, 1.0 equiv.), DMF (0.41 mL, [0.83 M]), alkylating agent (2.6 equiv.) and 
isopropanol (0.06 mL, [5.9 M]). The reaction flask was stirred at rt, then heated to 70 ºC in an oil 
bath for 12 h. After 12 h, the reaction was allowed to cool to rt for 1 h, then EtOAc (4.6 mL) was 
added to precipitate salt. If precipitation does not occur, hexanes is added dropwise until a 
heterogeneous reaction mixture results. This solution is the allowed to cool in an ice-water batj for 
2 h, then the precipitated salt is collected by Büchner filtation and washed with an excess of ice-
cold EtOAc and room temperature hexanes. The powder dried in air on the fiter paper for 30 min, 
then collected into a tared scintillation vial. The powder was placed under high vacuum (0.1 mm 
Hg) and stirred at rt for 24 h in order to remove residual DMF. The salts were used without further 
purification. 
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Data for 195p: 
1H NMR:  (500 MHz, d4-MeOH): 
  9.31 (d, J = 6.2 Hz, 1 H), 8.87 (dd, J = 1.4, 8.7 Hz, 11 H), 8.57 (d, J = 6.5 Hz, 1 H), 
8.56 (d, J = 9.7 Hz, 1 H), 8.35 (ddd, J = 1.3, 7.0, 8.7 Hz, 1 H), 8.26 (ddd, J = 1.0, 
6.9, 8.1 Hz, 1 H), 7.74 (d, J = 8.9 Hz, 1 H), 7.72 (d, J = 8.9 Hz, 1 H), 7.64 (d, J = 
3.1 Hz, 1 H), 7.12 (dd, J = 3.0, 8.9 Hz, 1 H), 7.05 (dd, J = 3.0, 8.9 Hz, 1 H), 6.96 
(br s, 1 H), 6.77 (d, J = 3.0 Hz, 1 H), 6.37 (q, J = 15.7 Hz, 2 H), 5.75 (ddd, J = 6.7, 
10.6, 17.2 Hz, 1 H), 5.48 (d, J = 12.5 Hz, 1 H), 5.32 (d, J = 12.6 Hz, 1 H), 5.23 (dt, 
J = 1.1, 17.5 Hz, 1 H), 5.01 (dt, J = 1.1, 10.7 Hz, 1 H), 4.72 (tt, J = 3.5, 11.1 Hz, 1 
H), 4.23 (t, J = 9.2 Hz, 1 H), 4.04 (dt, J = 3.7, 12.6 Hz, 1 H), 3.92 (s, 3 H), 3.75 (s, 
3 H), 3.68 (dd, J = 10.6, 12.6 Hz, 1 H), 3.38 (td, J = 4.7, 11.7 Hz, 1 H), 2.82–2.74 
(m, 1 H), 2.29–2.18 (m, 2 H), 2.13–2.09 (m, 1 H), 1.95–1.85 (m, 1 H), 1.51 (ddt, J 
= 3.5, 10.0, 13.4 Hz, 1 H). 
 
Data for 195a: 
 1H NMR: (500 MHz, CD3OD) 
   9.54 (d, J = 6.2 Hz, 1 H), 8.78 (dd, J = 8.6, 1.5 Hz, 1 H), 8.63 (d, J = 9.0 Hz, 1 H), 
8.58 (d, J = 6.1 Hz, 1 H), 8.30‒8.26 (m,  1 H), 8.22‒8.17 (m, 1 H), 7.71 (br d, J = 
7.0 Hz, 1 H), 7.63 (ddd, J = 7.8, 4.8, 2.3 Hz, 1 H), 7.41 (br d, J = 5.6 Hz, 1 H), 7.29 
(ddd, J = 7.9, 4.6, 2.4 Hz, 1 H), 7.24 (t, J = 8.9 Hz, 1 H), 7.11 (t, J = 9.0 Hz, 1 H), 
6.90 (br s, 1 H), 6.31 (q, J = 8.3 Hz, 2 H), 5.74 (ddd, J = 18.3, 10.4, 7.0 Hz, 1 H), 
5.23‒5.14 (m, 3 H), 5.00 (dd, J = 10.4, 1.3 Hz, 1 H), 4.41 (tdd, J = 11.5, 5.2, 3.0 
Hz, 1 H), 4.15 (t, J = 9.2 Hz, 1 H), 3.79 (dt, J = 13.3, 3.8 Hz, 1 H), 3.49 (dd, J = 
10.7, 12.8 Hz, 1 H), 3.43 (dt, J = 11.9, 5.8 Hz, 1 H), 2.78‒2.71 (m, 1 H), 2.37 (s, 3 
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H), 2.24 (s, 3 H), 2.29‒2.22 (m, 2 H), 2.10 (dt, J = 5.4, 2.9 Hz, 1 H), 1.91 (td, J = 
13.4, 11.0, 5.4, 1 H), 1.59 (ddt, J = 13.7, 10.4, 3.4 Hz, 1 H).  
 13C NMR: (126 MHz, CD3OD) 
  161.7 (JC-F = 247.1 Hz), 160.7 (JC-F = 244.9), 158.0, 149.4, 138.1, 137.1, 137.1, 
135.3, 133.5 (JC-F = 8.5 Hz), 131.2, 130.6, 129.5 (JC-F = 8.5 Hz), 127.5 (JC-F = 8.5 
Hz), 126.8, 126.1, 125.2 (JC-F = 17.6 Hz), 124.9 (JC-F = 17.3 Hz), 123.8 (JC-F = 3.5 
Hz), 121.6, 119.9, 116.6, 115.6 (JC-F = 22.6 Hz), 115.5 (JC-F = 22.5 Hz), 67.1, 64.7, 
61.6, 59.3, 59.2, 50.5, 36.9, 26.0, 24.2, 21.2, 14.2 (JC-F = 3.6 Hz), 14.2 (JC-F = 3.6 
Hz).  
 19F NMR: (470 MHz, CD3OD) 
  ˗116.0 (br s), ˗117.5 (br s). 
 LRMS: (ES+): 
  417.4 (40), 418.4 (12), 419.5 (5), 270.4 (100). 
 
 
Data for 195b: 
 1H NMR: (500 MHz, CD3OD) 
   9.65 (dt, J = 6.7, 1.5 Hz, 1 H), 8.79 (d, J = 8.4 Hz, 1 H), 8.70‒8.64 (m, 1 H), 8.62 
(d, J = 6.2 Hz, 1 H), 8.31‒8.22 (m, 1 H), 8.19 (t, J = 7.8 Hz, 1 H), 8.09‒8.03 (m, 1 
H), 7.85 (br t, J = 7.0 Hz, 1 H), 7.77‒7.63 (m, 6 H), 7.59 (d, J = 7.5 Hz, 2 H), 7.53 
(t, J = 7.7 Hz, 1 H), 7.49 (dd, J = 9.0, 6.3 Hz, 2 H), 7.43 (td, J = 8.3, 7.8, 1.8 Hz, 2 
H), 7.41‒7.32 (m, 3 H), 6.95 (br s, 1 H), 6.51‒6.43 (m, 2 H), 5.72 (ddd, J = 17.3, 
10.5, 6.9 Hz, 1 H), 5.29 (br s, 2 H), 5.17 (d, J = 17.2 Hz, 1 H), 4.98 (br d, J = 10.5 
Hz, 1 H), 4.49 (td, J = 11.5, 10.9, 4.6 Hz, 1 H), 4.17 (dd, J = 11.5, 6.9 Hz, 1 H), 
3.89‒3.76 (m, 1 H), 3.62‒3.46 (m, 2 H), 2.79‒2.71 (m, 1 H), 2.28 (br q, J = 11.1 
Hz, 1 H), 2.13‒2.05 (m, 1 H), 1.97‒1.87 (m, 1 H), 1.57 (tdd, J = 12.5, 7.9, 4.5 Hz, 
1 H).  
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 13C NMR: (126 MHz, CD3OD) 
  158.1, 149.7, 140.9, 140.7, 139.3, 139.3, 138.1, 137.2, 135.4, 134.4, 132.8, 132.1, 
130.7, 129.8, 129.5, 129.0, 129.0, 128.6, 128.3, 127.9, 127.9, 127.2, 126.9, 126.8, 
126.5, 126.2, 126.1, 121.6, 120.0, 116.6, 67.2, 64.8, 62.4, 60.0, 59.6, 50.8, 36.9, 
26.0, 24.3, 21.2.  
 LRMS: (ES+): 
  462.5 (4), 461.4 (7), 417.4 (2), 329.5 (2), 314.5 (100). 
 
 
Data for 195f: 
 1H NMR: (500 MHz, CD3OD) 
   9.58 (d, J = 6.2 Hz, 1 H), 8.77 (d, J = 8.0 Hz, 1 H), 8.60 (d, J = 6.2 Hz, 1 H), 8.57 
(d, J = 8.9 Hz, 1 H), 8.28 (ddd, J = 8.8, 7.1, 1.3 Hz, 1 H), 8.20 (J = 8.3, 7.1, 1.0 Hz, 
1 H), 7.45 (br s, 1 H), 7.39 (dt, J = 9.2, 2.0 Hz, 1 H), 7.19 (dt, J = 9.8, 1.7 Hz, 1 H), 
7.09 (br s, 1 H), 7.01 (br d, J = 9.5 Hz, 1 H), 6.95 (dt, J = 9.3, 2.1 Hz, 1 H), 6.90 
(br s, 1 H), 6.34 (q, J = 9.1 Hz, 2 H), 5.74 (ddd, J = 17.3, 10.5, 6.9 Hz, 1 H), 5.23‒
5.13 (m, 3 H), 5.01 (dt, J = 10.6, 1.1 Hz, 1 H), 4.49‒4.39 (m, 1 H), 4.14 (dd, J = 
10.4, 8.1 Hz, 1 H), 3.78 (ddd, J = 12.7, 5.0, 3.2 Hz, 1 H), 3.52 (dd, J = 12.8, 10.7 
Hz, 1 H), 3.50‒3.43 (m, 1 H), 2.79‒2.72 (m, 1 H), 2.48 (s, 3 H), 2.35 (s, 3 H), 2.31‒
2.22 (m, 2 H), 2.11 (dq, J = 6.6, 3.5, 3.1 Hz, 1 H), 1.97‒1.88 (m, 1 H), 1.60 (ddt, J 
= 13.6, 10.2, 3.5 Hz, 1 H). 
 13C NMR: (126 MHz, CD3OD) 
  162.2 (JC-F = 244.2 Hz), 161.8 (JC-F = 244.1 Hz), 158..1, 149.8, 141.5 (JC-F = 8.3 
Hz), 141.0 (JC-F = 8.2 Hz), 138.1, 137.1, 135.9 (JC-F = 8.4 Hz), 135.4, 130.7, 130.6, 
129.9 (JC-F = 8.5 Hz), 126.6, 126.1, 124.2 (JC-F = 2.5 Hz), 121.7, 119.8, 117.6 (JC-
F = 5.6 Hz), 117.5 (JC-F = 4.4 Hz), 116.6, 116.2 (JC-F = 20.9 Hz), 111.8 (JC-F = 22.8 
Hz), 67.2, 64.7, 61.5, 59.5, 59.4, 50.8, 36.8, 25.9, 24.2, 21.3, 20.8, 20.8.  
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 19F NMR: (470 MHz, CD3OD) 
  ˗113.3 (t, J = 10.6 Hz), ˗113.8 (t, J = 10.0 Hz). 
 LRMS: (ES+): 
  417.4 (5), 310.0 (21), 309.4 (53), 270.4 (100), 179.1 (10), 111.3 (23). 
 
 
Data for 195i: 
 1H NMR: (500 MHz, CD3OD) 
  9.36 (d, J = 6.2 Hz, 1 H), 8.88 (d, J = 8.4 Hz, 1 H), 8.59 (d, J = 6.2 Hz, 1 H), 8.30 
(ddd, J = 8.8, 7.0, 1.3 Hz, 1 H), 8.24 (ddd, J = 8.2, 7.0, 1.2 Hz, 1 H), 7.63 (dd, J = 
9.6, 2.9 Hz, 1 H), 7.46 (ddd, J = 13.8, 8.5, 5.7 Hz, 1 H), 7.26 (td, J = 8.5, 2.8 Hz, 1 
H), 7.11 (td, J = 9.5, 2.8 Hz, 1 H), 7.01 (d, J = 2.5 Hz, 1 H), 6.51 (dd, J = 9.5, 2.7 
Hz), 6.41 (d, J = 16.2 Hz, 1 H), 6.33 (d, J = 16.2 Hz, 1 H), 5.77 (ddd, J = 17.2, 10.5, 
6.8 Hz, 1 H), 5.37 (d, J = 12.7 Hz, 1 H), 5.24 (d, J = 17.2 Hz, 1 H), 5.18 (d, J = 12.8 
Hz, 1 H), 5.02 (dt, J = 10.6, 1.2 Hz, 1 H), 4.58‒4.47 (m, 1 H), 4.26 (br t, J = 9.3 
Hz, 1 H), 3.94 (dt, J = 12.4, 3.8 Hz, 1 H), 3.65 (t, J = 11.5 Hz, 1 H), 3.31‒3.23 (m, 
1 H), 2.83‒2.72 (m, 1 H), 2.58 (s, 3 H), 2.47 (s, 3 H), 2.33‒2.18 (m, 2 H), 2.15‒
2.07 (m, 1 H), 1.95‒1.83 (m, 1 H), 1.65‒1.53 (m, 1 H). 
 13C NMR: (126 MHz, d6-DMSO) 
  160.7 (JC-F = 242.0 Hz), 160.0 (JC-F = 242.3 Hz), 158.4, 149.3, 138.1, 137.6, 136.6, 
135.6, 133.9 (JC-F = 7.3 Hz), 133.3 (JC-F = 7.9 Hz), 132.6 (JC-F = 8.0 Hz), 132.3 (JC-
F = 3.1 Hz), 130.7, 128.3, 126.8, 121.8, 121.2 (JC-F = 21.8 Hz), 119.9, 117.3 (JC-F 
= 20.5 Hz), 116.6, 115.2 (JC-F = 20.8 Hz), 113.4 (JC-F = 23.4 Hz), 67.0, 65.1, 59.6, 
59.4, 58.1, 50.9, 27.1, 25.7, 24.5, 21.3, 18.5, 18.1. 
 19F NMR: (470 MHz, CD3OD) 
  ˗116.5 (q, J = 9.5 Hz), ˗117.2 (q, J = 9.5 Hz). 
 LRMS: (ES+): 
  418.4 (3), 417.4 (7), 285.4 (2), 270.4 (100), 209.4 (3), 111.3 (2). 
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Data for 195j: 
 1H NMR: (500 MHz, CD3OD) 
  9.63 (dd, J = 6.4, 1.6 Hz, 1 H), 8.83 (dd, J = 8.5, 1.5 Hz, 1 H), 8.63 (d, J = 8.9 Hz, 
1 H), 8.61 (d, J = 6.3 Hz, 1 H), 8.30 (ddd, J = 8.8, 7.1, 1.2 Hz, 1 H), 8.21 (ddd, J = 
8.3, 7.0, 1.0 Hz, 1 H), 7.94 (td, J = 7.6, 1.7 Hz, 1 H), 7.67 (dtd, J = 9.9, 5.4, 1.7 Hz, 
1 H), 7.53‒7.48 (m, 2 H), 7.43 (td, J = 7.6, 1.2 Hz, 1 H), 7.38 (td, J = 9.0, 1.0 Hz, 
1 H), 7.30‒7.23 (m, 2 H), 6.95 (br s, 1 H), 6.48 (d, J = 15.6 Hz, 1 H), 6.44 (d, J = 
15.6 Hz, 1 H), 5.76 (ddd, J = 17.3, 10.5, 7.0 Hz, 1 H), 5.36 (d, J = 12.5 Hz, 1 H), 
5.20 (dt, J = 17.3, 1.0 Hz, 1 H), 5.20 (d, J =11.5 Hz, 1 H), 5.01 (dt, J = 10.5, 1.2 
Hz, 1 H), 4.54‒4.44 (m, 1 H), 4.23 (br t, J = 9.3 Hz, 1 H), 3.86 (ddd, J = 12.6, 4.6, 
3.3 Hz, 1 H), 3.59 (dd, J = 12.8, 10.6 Hz, 1 H), 3.38‒3.32 (m, 1 H), 2.80‒2.74 (m, 
1 H), 2.31‒2.22 (m, 2 H), 2.11 (br q, J = 3.8 Hz, 1 H), 1.97‒1.88 (m, 1 H), 1.59 (td, 
J = 10.4, 3.4 Hz, 1 H). 
 13C NMR: (126 MHz, d6-DMSO) 
  161.8 (JC-F = 249.0 Hz), 160.2 (JC-F = 247.0 Hz), 158.6, 149.8, 138.1, 137.2, 136.0, 
135.6, 133.2 (JC-F = 9.0 Hz), 131.5 (JC-F = 8.5 Hz), 130.6, 130.2, 127.0, 126.1, 125.2 
(JC-F = 17.5), 125.2 (JC-F = 16.6 Hz), 121.5, 120.6 (JC-F = 13.7 Hz), 119.6, 116.7, 
116.4, 116.2 (JC-F = 21.9 Hz), 115.2 (JC-F = 13.7 Hz), 67.0, 65.0, 59.5, 56.4, 55.3, 
51.0, 37.1, 25.8, 24.4, 21.1. 
 19F NMR: (470 MHz, CD3OD) 
  ˗111.9 (q, J = 9.7 Hz), ˗115.9 (q, J = 9.7 Hz). 
 LRMS: (ES+): 
  403.4 (4), 295.4 (30), 256.3 (100), 179.1 (15), 157.1 (7), 133.1 (4), 111.3 (35). 
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Data for 195h: 
 1H NMR: (500 MHz, CD3OD) 
  9.67 (d, J = 6.2 Hz, 1 H), 8.84 (dd, J = 8.2, 1.7 Hz, 1 H), 8.64 (d, J = 6.1 Hz, 1 H), 
8.47 (dd, J = 8.9, 1.2 Hz, 1 H), 8.25 (ddd, J = 8.8, 7.0, 1.5 Hz, 1 H), 8.20 (ddd, J = 
8.1, 7.0, 1.3 Hz, 1 H), 8.03 (d, J = 8.3 Hz, 2 H), 7.95 (d, J = 8.3 Hz, 2 H), 7.80 (d, 
J = 8.3 Hz, 2 H), 7.56 (d, J = 8.3 Hz, 2 H), 6.93 (br s, 1 H), 6.52 (br d, J = 2.6 Hz, 
2 H), 5.77 (ddd, J = 17.3, 10.5, 7.0 Hz, 1 H), 5.37 (d, J = 12.2 Hz, 1 H), 5.30 (J = 
12.2 Hz, 1 H), 5.22 (dt, J = 17.1, 1.2 Hz, 1 H), 5.01 (J = 10.6, 1.2 Hz, 1 H), 4.54‒
4.42 (m, 1 H), 4.23 (br t, J = 9.3 Hz, 1 H), 3.90 (dt, J = 12.6, 4.0 Hz, 1 H), 3.48 (dd, 
J = 12.6, 10.7 Hz, 1 H), 3.41 (dd, J = 11.8, 5.0 Hz, 1 H), 2.79‒2.71 (m, 1 H), 2.35‒
2.21 (m, 2 H), 2.16‒2.08 (m, 1 H), 1.97‒1.86 (m, 1 H), 1.66 (td, J = 13.3, 12.7, 3.1 
Hz, 1 H). 
 13C NMR: (126 MHz, d6-DMSO) 
  159.0, 150.4, 138.0, 137.6, 13.8, 135.9, 134.3, 134.1, 133.9, 133.9, 133.7, 131.3, 
130.8, 130.7, 129.4, 127.6, 126.1, 121.7, 119.7, 117.8, 116.8, 116.7, 115.7, 110.2, 
67.3, 65.5, 60.4, 59.6, 58.7, 51.4, 37.2, 25.7, 24.4, 21.3. 
 LRMS: (ES+): 
  410.4 (9), 302.5 (35), 264.0 (55), 263.4 (100), 179.1 (3), 133.1 (3), 111.3 (25). 
 
 
Data for 195c: 
 1H NMR: (500 MHz, CD3OD) 
  9.60 (d, J = 6.2 Hz, 1 H), 8.83 (d, J = 8.5 Hz, 1 H), 8.61 (d, J = 7.0 Hz, 1H), 8.31 
(ddd, J = 8.8, 6.1, 1.3 Hz, 1 H), 8.26‒8.14 (m, 3 H), 7.91 (dd, J = 6.7, 2.3 Hz, 1 H), 
7.73 (ddd, J = 7.6, 4.5, 2.4 Hz, 1 H), 7.59 (d, J = 9.4 Hz, 1 H), 7.43 (t, J = 9.4 Hz, 
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1 H), 6.92 (br s, 1 H), 6.48 (d, J = 15.6 Hz, 1 H), 6.43 (d, J = 16.0 Hz, 1 H), 5.75 
(ddd, J = 17.4, 10.5, 6.9 Hz, 1 H), 5.36 (d, J = 12.4 Hz, 1 H), 5.29 (d, J = 12.4 Hz, 
1 H), 5.21 (dt, J = 17.1, 1.2 Hz, 1 H), 5.00 (dt, J = 10.6, 1.1 Hz, 1 H), 4.49 (tdd, J 
= 11.5, 6.1, 3.1 Hz, 1 H), 4.18 (t, J = 9.3 Hz, 1 H), 3.87 (dt, J = 12.6, 3.9 Hz, 1 H), 
3.48 (dd, J = 11.7, 5.1 Hz, 1 H), 2.80‒2.71 (m, 1 H), 2.33‒2.20 (m, 2 H), 2.14‒2.08 
(m, 1 H), 1.97‒1.86 (m, 1 H), 1.61 (ddd, J = 15.8, 8.5, 4.6 Hz, 1 H). 
 13C NMR: (126 MHz, d6-DMSO) 
  159.9 (JC-F = 257.7 Hz), 158.9 (JC-F = 255.4 Hz), 158.1, 149.7, 141.0 (JC-F = 9.4 
Hz), 138.0, 137.1, 135.5, 135.0 (JC-F = 9.2 Hz), 132.7 (JC-F = 4.2 Hz), 130.7, 130.6 
(JC-F = 3.6 Hz), 127.6 (JC-F = 5.0 Hz), 126.9, 126.1, 125.2 (JC-F = 3.7 Hz), 123.5 
(JC-F = 10.1 Hz), 121.7, 121.3 (JC-F = 10.3 Hz), 119.8, 118.0 (JC-F = 20.8 Hz), 117.9 
(JC-F = 20.6 Hz), 117.2 (JC-F = 12.5 Hz), 116.9 (JC-F = 12.6 Hz), 116.6, 67.4, 64.7, 
60.5, 59.0, 58.5, 50.5, 36.9, 26.0, 24.3, 21.2. 
 19F NMR: (470 MHz, CD3OD) 
  ˗ 60.4 (CF3, d, J = 13.0 Hz), ˗ 60.5 (CF3, d, J = 11.6 Hz), ˗116.0 (Ar-F, ddd, J = 5.8, 
13.0, 18.8 Hz), ˗114.4 (Ar-F, ddt, J = 6.5, 11.6, 17.3 Hz). 
 LRMS: (ES+): 
  472.4 (3), 471.4 (12), 360.9 (2), 324.4 (100), 315.4 (2), 111.3 (2). 
 
 
Data for 195k: 
 1H NMR: (500 MHz, CD3OD) 
  9.57 (d, J = 6.2 Hz, 1 H), 8.80 (dd, J  = 8.7, 1.3 Hz, 1 H), 8.59 (d, J = 7.1 Hz, 2 H), 
8.30 (ddd, J = 8.8, 7.0, 1.0 Hz, 1 H), 8.21 (ddd, J = 8.2, 7.0, 1.0 Hz, 1 H), 8.02 (dd, 
J = 6.0, 2.3 Hz, 1 H), 7.80 (ddd, J = 8.5, 4.5, 2.3 Hz, 1 H), 7.67 (dd, J = 6.8, 2.3 Hz, 
1 H), 7.47 (t, J = 8.7 Hz, 1 H), 7.42 (ddd, J = 8.7, 4.4, 2.3 Hz, 1 H), 7.34 (t, J = 8.8 
Hz, 1 H), 6.89 (br s, 1 H), 6.39 (d, J = 15.6 Hz, 1 H), 6.34 (d, J = 15.6 Hz, 1 H), 
5.74 (ddd, J = 17.3, 10.5, 6.9 Hz, 1 H), 5.25 (d, J = 12.5 Hz, 1 H), 5.21 (d, J = 17.3 
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Hz, 1 H), 5.20 (d, J = 12.4 Hz, 1 H), 5.01 (dt, J = 10.5, 1.0 Hz, 1 H), 4.44 (tdd, J = 
11.2, 5.0, 2.7 Hz, 1 H), 4.16 (t, J = 9.2 Hz, 1 H), 3.82 (ddd, J = 12.7, 4.8, 3.3 Hz, 1 
H), 3.50 (dd, J = 12.7, 10.7 Hz, 1 H), 3.43 (td, J = 11.5, 11.0, 4.3 Hz, 1 H), 2.80‒
2.72 (m, 1 H), 2.32‒2.21 (m, 2 H), 1.93 (dt, J = 7.6, 6.9, 4.7, 3.4, 2.2 Hz, 1 H), 1.61 
(dq, J = 10.2, 3.4, 3.2 Hz, 1 H). 
 13C NMR: (126 MHz, d6-DMSO) 
  158.3 (JC-F = 250.3 Hz), 158.1, 157.3 (JC-F = 248.6 Hz), 149.7, 138.1, 137.1, 135.8, 
134.9 (JC-F = 8.0 Hz), 131.3 (JC-F = 3.8 Hz), 130.7, 130.5, 128.9 (JC-F = 7.7 Hz), 
126.8, 126.1, 125.9 (JC-F = 3.9 Hz), 121.7, 120.1 (JC-F = 27.1 Hz), 120.0 (JC-F = 
27.1 Hz), 119.8, 117.6 (JC-F = 21.4 Hz), 117.4 (JC-F = 21.4 Hz), 116.6, 67.3, 64.7, 
60.7, 59.2, 58.6, 50.6, 36.9, 25.9, 24.3, 21.2. 
 19F NMR: (470 MHz, CD3OD) 
  ˗ 114.7 (q, J = 9.7 Hz), ˗116.2 (q, J = 8.2 Hz). 
 LRMS: (ES+): 
  437.3 (3), 330.4 (21), 330.0 (25), 329.4 (30), 218.1 (92), 290.3 (100), 157.1 (2), 
111.3 (20). 
 
 
Data for 195m: 
 1H NMR: (500 MHz, CD3OD) 
  9.60 (d, J = 6.2 Hz, 1 H), 8.76 (br t, J = 6.5 Hz, 2 H), 8.61 (d, J = 6.3 Hz, 1 H), 8.30 
(ddd, J = 8.8, 5.4, 1.2 Hz, 1 H), 8.20 (dd, J = 8.7, 7.0 Hz, 1 H), 7.89 (br s, 2 H), 
7.77 (d, J = 7.8 Hz, 1 H), 7.74 (d, J = 7.8 Hz, 1 H), 7.70 (dd, J = 7.8, 1.8 Hz, 1 H), 
7.66 (d, J = 7.8 Hz, 1 H), 7.63 (d, J = 1.7 Hz, 1 H), 7.37 (dd, J = 8.1, 1.8 Hz, 1 H), 
7.35 (br d, J = 1.5 Hz, 1 H), 7.30 (br d, J = 1.5 Hz, 1 H), 7.21 (dd, J= 7.8, 1.6 Hz, 
1 H), 7.17 (dd, J = 7.8, 1.6 Hz, 1 H), 6.96 (br s, 1 H), 6.44 (d, J = 15.3 Hz, 1 H), 
6.40 (d, J = 15.3 Hz, 1 H), 5.74 (dddd, J = 17.4, 10.7, 7.0 3.7 Hz, 1 H), 5.27 (d, J = 
12.4 Hz, 1 H), 5.21 (d, J = 12.2 Hz, 1 H), 5.19 (d, J = 17.1 Hz, 1 h), 5.00 (td, J = 
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10.7, 1.1 Hz, 1 H), 4.49 (dt, J = 14.2, 6.8 Hz, 1 H), 4.16 (br t, J = 14.2, 6.8 Hz, 1 
H), 3.81 (dt, J = 12.7, 10.8, 4.8 Hz, 1 H), 3.57 (dd, J = 12.8, 10.7 Hz, 1 H), 3.49 
(td, J = 11.3, 10.8, 4.8 Hz, 1 H), 2.80‒2.73 (m, 1 H), 2.70 (dt, J = 15.6, 7.7 Hz, 4 
H), 2.34‒2.23 (m, 2 H), 2.11 (dq, J = 6.1, 3.2 Hz, 1 H), 1.98‒1.88 (m, 1 H), 1.71‒
1.60 (m, 5 H), 1.55 (s, 3 H), 1.51 (s, 3 H), 1.44 (s, 6 H), 1.40 (ddd, J = 14.9, 10.2, 
4.7 Hz, 4 H), 0.97 (dt, J = 9.0, 7.4 Hz, 6 H). 
 13C NMR: (126 MHz, d6-DMSO) 
  158.0, 154.0, 153.9, 153.7, 149.4, 142.8, 142.2, 140.5, 139.4, 138.2, 137.2, 135.3, 
132.8, 132.1, 130.6, 128.2, 128.2, 127.4, 127.2, 126.7, 126.1, 125.9, 122.7, 122.6, 
122.5, 121.6, 120.5, 120.3, 120.2, 120.1, 120.0, 116.6, 67.1, 64.8, 62.0, 60.4, 59.4, 
50.6, 46.4, 46.4, 36.8, 35.2, 35.2, 33.4, 26.9, 26.8, 26.1, 24.2, 21.9, 21.9, 21.2, 13.8, 
13.8.  
 LRMS: (ES+): 
  558.6 (40), 557.6 (85), 501.8 (12), 410.7 (80), 382.6 (12), 264.3 (20), 263.3 (100), 
129.4 (12), 111.3 (80). 
 
 
Data for 195g: 
 1H NMR: (500 MHz, CD3OD) 
  9.59 (dd, J = 6.3, 1.5 Hz, 1 H), 8.84 (d, J = 9.0 Hz, 1 H), 8.61 (d, J = 9.2 Hz, 1 H), 
8.59 (d, J = 6.5 Hz, 1 H), 8.34 (ddd, J = 8.8, 7.1, 1.3 Hz, 1 H), 8.23 (dd, J = 8.1, 6.9 
Hz, 1 H), 8.07‒7.99 (m, 1 H), 7.60 (dt, J = 10.4, 8.0 Hz, 1 H), 7.51 (td, J = 10.0, 
6.6 Hz, 1 H), 7.41 (td, J = 10.2, 6.5 Hz, 1 H), 6.91 (br s, 1 H), 6.43 (d, J = 16.2 Hz, 
1 H), 6.38 (d, J = 16.2 Hz, 1 H), 5.74 (ddd, J = 17.3, 10.5, 6.9 Hz, 1 H), 5.29 (d, J 
= 12.9 Hz, 1 H), 5.22 (d, J = 13.0 Hz, 1 H), 5.22 (d, J = 17.0 Hz, 1 H), 5.01 (td, J = 
10.4, 1.2 Hz, 1 H), 4.54‒4.41 (m, 1 H), 4.20 (br t, J = 9.3 Hz, 1 H), 3.88 (dt, J = 
12.9, 3.9 Hz, 1 H), 3.63 (t, J = 11.5 Hz, 1 H), 3.43‒3.32 (m, 1 H), 2.83‒2.73 (m, 1 
H), 2.32‒2.20 (m, 2 H), 2.16‒2.08 (m, 1 H), 1.98‒1.88 (m, 1 H), 1.62‒1.51 (m, 1 
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H).  
 13C NMR: (126 MHz, d6-DMSO) 
  158.8, 157.7 (JC-F = 248.4, 10.2, 1.8 Hz), 156.0 (JC-F = 247.0, 10.4, 1.8 Hz), 151.0 
(JC-F = 252.1, 15.0, 14.4 Hz), 149.9, 149.7 (JC-F = 251.3, 13.0 Hz), 146.1 (JC-F = 
253.9 Hz), 146.1 (JC-F = 253.9 Hz), 138.0, 137.2, 135.6, 130.7, 127.0, 126.1, 123.4 
(JC-F = 18.2, 2.5 Hz), 121.5, 119.5, 119.0 (JC-F = 20.5, 4.4 Hz), 117.5 (JC-F = 15.0, 
6.0 5.4 Hz), 116.7, 112.3 (JC-F = 15.6, 6.2, 4.0 Hz), 107.2 (JC-F = 21.7, 2.5 Hz), 
106.9 (JC-F = 21.6, 4.5 Hz), 67.0, 65.1, 59.3, 55.2, 54.4, 51.1, 37.1, 25.7, 24.4, 21.2. 
 19F NMR: (470 MHz, CD3OD) 
  ˗112.0, ˗115.8 (br d, J = 6.0 Hz), ˗130.6 (dq, J = 17.9, 9.2 Hz), ˗132.7 (dt, J = 23.2, 
10.2 Hz), ˗142.2 (dq, J = 22.0, 10.5, 9.7 Hz), ˗142.4 (dt, J = 20.7, 11.9 Hz). 
 LRMS: (ES+): 
  439.4 (3), 331.4 (12), 292.4 (100), 263.3 (2), 111.3 (8). 
 
 
4.5.7 Synthetic Intermediates Prepared for Diversity Set 
Preparation of 4-Methylbenzylphosphonium Bromide (198) [LRC-15-DH6769] 
 
To a flame-dried 500–mL single-neck round-bottomed flask fitted with stir bar and reflux 
condenser was added 4-methylbenzyl bromide (5.00 g, 27.02 mmol, 1.0 equiv.). The flask was 
evacuated and backfilled wth Ar, then toluene was added (100 mL). The reaction was stirred at rt 
to give a homogeneous, colorless solution. Triphenylphosphine (7.80 g, 29.72 mmol, 1.0 equiv.) 
was added in one portion, then the reaction was heated to reflux in an oil bath (oil bath temp. = 
120 ºC) for 24 h, over which time a white precipitate forms. After 24 h, the flask was removed 
from the oil bath and cooled to rt. The white precipitate was collected by filtration (Büchner funnel) 
and washed with an excess of cyclohexane. The solid was collected and dried under high vacuum 
(0.1 mm Hg) at rt for 12 h to yield 4-methylbenzyphosphonium bromide as a white powder (11.68 
g, 97%). This material was sufficiently pure to used as is in the next reaction. An analytically pure 
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sample can be obtained by recrystallization according to the following procedure. A small portion 
of material (300 mg) was taken up in a minimum (30 mL) of boiling hexanes, and to this hot 
solution was added MeOH dropwise until a homogeneous solution was obtained (1 mL). The 
colorless solution was then allowed to stand undisturbed at room temperature util crystallization 
was observed, then cooled to –20 ºC overnight. The colorless square crystals were collected by 
Büchner filtration, washed with cold (–20 ºC) 30:1 hexanes:MeOH, then dried under high vacuum 
at rt (0.1 mm Hg). 
 
Data for 198: 
 m.p.:  268–270 °C (from hexanes/MeOH) 
 1H NMR: (500 MHz, CDCl3) 
  7.79–7.67 (m, 9 H), 7.65–7.59 (m, 6 H), 5.31 (d, J = 14.3 Hz, H2C(6)), 3.16 (s, 3 
H, H3C(1)). 
 13C NMR: (126 MHz, CDCl3) 
  138.4 (JC-P = 4.1 Hz), 135.0 (JC-P = 3.2 Hz), 134.4 (JC-P =9.7 Hz), 131.4 (JC-P = 6.0 
Hz), 130.2 (JC-P = 12.4 Hz), 129.6 (JC-P = 3.2 Hz), 123.7 (JC-P = 8.8 Hz), 117.9 (JC-
P = 85.6 Hz), 30.6 (H2C(6), JC-P = 47.0 Hz), 21.2 (H3C(1)). 
 IR: ATR-FTIR 
  3032 (w), 3010 (w), 2858 (w), 1516 (w), 1436 (w), 1106 (w), 994 (w), 820 (w), 740 
(w), 718 (w), 713 (w), 686 (w), 553 (w), 499 (w). 
 LRMS: ES+ (7.80e7 eV) 
  367.6 (100), 368.5 (30), 369.5 (5). 
 Analysis: C26H24BrP (447.36) 
  calcd: C, 69.8 1 H, 5.41  
  found: C, 69.57 H, 5.41    
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Preparation of tert-Butyl 4-formylbenzoate (197) [LRC-15-DH6791] 
 
To a flame-dried 500–mL 3-neck round-bottomed flask fitted with an Ar inlet and magnetic 
stir bar was added tert-butyl 4-bromobenzoate (3.00 g, 11.67 mmol, 1.0 equiv.) and THF (116 mL) 
to give a homogeneous, colorless solution. The reaction flask was cooled to an internal temperature 
of −78 ºC (dry ice-acetone bath), the 2.43 M n-BuLi in hexanes (1.81 mL, 11.67 mmol, 1.0 equiv.) 
was added dropwise over a period of 10 min while maintaining the internal temperature below −73 
ºC. After addition, the bright yellow reaction mixture was stirred for an additional 30 min, then 
DMF (1.81 mL, 23.3 mmol, 2.0 equiv.) was added quickly by syringe.The reaction was stirred at 
−78 ºC for an additional 30 min, then warmed slowly to −20 ºC over 2 h. After warming to −20 
ºC, the reaction was quenched by the addition 1 N aqueous HCL (12 mL). The reaction mixture 
was transferred to a 250–mL separatory funnel with distilled H2O (50 mL) and Et2O (40 mL). The 
organic layer was separated, and the aqueous layer was extracted with Et2O (2 × 40 mL). The 
combined organic layer was washed with distilled water (40 mL) and saturated brine solution (50 
mL), dried over MgSO4, filtered, and concentrated by rotary evaporation to yield the crude material 
as a yellow oil. Purification by flash chromatography (SiO2, 180 mm × 30 mm, 20 mL fractions, 
gradient elution hexanes/TBME: 20:1 (500 mL) to 10:1 (1 L) to 4:1 (1 L)) yielded tert-butyl 4-
formylbenzoate as a off-white low-melting solid (1.03 g, 43%).  
 
Data for 197: 
 m.p.: 44–46 °C 
 1H NMR: (500 MHz, CDCl3) 
  10.09 (s, 1 H), 8.14 (d, J = 8.4 Hz, 2 H), 7.92 (d, J = 8.4 Hz, 2 H), 1.61 (s, 9 H). 
 13C NMR: (126 MHz, CDCl3) 
  191.9, 164.8, 138.9, 137.2, 130.1, 129.5, 82.2, 28.3. 
 TLC: Rf 0.52 (silica gel, hexanes/TBME 4:1, UV) 
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Preparation of tert-Butyl 4-(4-methylstyryl)benzoate (199) [LRC-15-DH6792] 
 
 To a flame-dried 500–mL 3-neck round-bottomed flask fitted with an Air inlet, internal 
temperature probe, and large magnetic stir bar, was added 4-methylbenzylphosphonium bromide 
(3.24 g, 7.23 mmol, 1.05 equiv.). The flask was evacuated and backfilled with Ar twice. To a 
separate 100–mL conical flask with Ar inlet was added tert-butyl 4-formylbenzoate (1.42 g, 6.89 
mmol, 1.0 equiv.) and THF (40 mL), and this solution was added to the reaction flask by canula. 
Following addition, additional THF was added (58 mL) to give a white suspension. The reaction 
mixture was cooled in an ice-water bath (I.T. = 1.1 ºC), the potassium tert-butoxide (0.85 g, 7.58 
mmol, 1.1 equiv.) was added as a solid in a single portion. The reaction turns to a bright yellow-
orange immediate after the addition of base. The reaction was stirred at 0 ºC for 1 h and 15 min, 
and then the ice-water bath was remove and the reaction was stirred at rt overnight (18 h). The 
reaction was then quenched by the addition of 50 mL of distilled H2O. The reaction mixture was 
split into two portions and transferred to a 250–mL separatory funnel with dichloromethane (30 
mL). The organic phase was separated, and the aqueous layer was extracted with dichloromethane 
(2 × 30 mL), and the combined organic layer was washed with saturdated brine solution (1 × 50 
mL). The organic extractions were concentrated by rotary evaporation to an approximate volume 
of 15 mL. The crude reaction solution was the triturated with hexanes (200 mL) to precipitated 
triphenylphosphine oxide. The white precipitate was separated by filtration and rinsed with a large 
amount of hexanes. The filtrate was concentrated and dried under reduced pressure (0.1 mm Hg) 
to yield the crude material and a fluffy white solid. Purification by flash chromatography (SiO2, 
dry load on celite, 20 mL fractions, hexanes/THBE gradient elution: 100% hexanes (200 mL) to 
9:1 hexanes:TBME (600 mL)) yielded tert-butyl-4-(4-methylstylryl)benzoate as a shiny white 
solid (0.88 g, 76%) as a 2:1 mixutre of E:Z isomers. An analytical sample was purified by 
recrystallization from boiling hexanes. A small portion of the material (330 mg) was taken up in a 
minimum of boiling hexanes (10 mL), subjected to a hot filtration (Kimwipe), reheated to 
homogeneity, and then allowed to cool slowly to rt over 3 h, at which time crystal formation was 
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evident. The flask was further cooled to −20 °C for 18 h. The white needles were collected by 
Büchner filtration, rinsed with an excess of cold (−20 °C) hexanes, crushed with a spatula, and 
dried under reduced pressure (0.1 mm Hg) at rt for 24 h to yield tert-butyl 4-(4-
methyl)styryl)benzoate as a white crystal (133 mg, 40% recovery). The material was obtained as 
a mixture of both E and Z geometric isomers (2:1), however 1H and 13C NMR signals are reported 
separately for simplification. 
 
Data for (E)-199: 
 1H NMR: (500 MHz, CDCl3) 
  7.96 (d, J = 8.4 Hz, 2 H, HC(10)), 7.53 (d, J = 8.4 Hz, 2 H, HC(9)), 7.43 (d, J = 8.2 
Hz, HC(3)), 7.18 (d, J = 8.4 Hz, 2 H, HC(4)), 7.08 (d, J = 16.3 Hz, 1 H, HC(7)), 
7.04 (d, J = 16.3 Hz, 1 H, HC(6)), 2.37 (s, 3 H, H3C(1)), 1.60 (s, 9 H, H3C(14)). 
 13C NMR: (126 MHz, CDCl3) 
  165.8 (O=C(12)), 141.7 (C(11)), 138.3 (C(2)), 134.2 (C(5)), 130.7 (C(8)), 130.0 
(HC(10)), 129.6 (HC(4)), 129.2 (HC(6)), 128.8 (HC(7)), 126.8 (HC(3)), 1226.2 
(HC(9)), 81.0 (C(13)), 28.4 (H3C(14)), 21.5 (H3C(1)).  
Data for (Z)-x: 
 1H NMR: (500 MHz, CDCl3) 
  7.84 (d, J = 8.3 Hz, 2 H, HC(10)), 7.29 (d, J = 8.5 Hz, 2 H, HC(9)), 7.11 (d, J = 8.3 
Hz, 2 H, HC(3)), 7.03 (d, J = 8.3 Hz, 2 H, HC(4)), 6.65 (d, J = 12.4 Hz, 1 H, HC(7)), 
6.55 (d, J = 12.0 Hz, 1 H, HC(6)), 2.32 (s, 3 H, H3C(1)), 1.58 (s, 9 H, H3C(14)). 
 13C NMR: (126 MHz, CDCl3) 
  165.8 (O=C(12)), 142.0 (C(11)), 137.4 (C(2)), 133.9 (C(5)), 132.0 (HC(7)), 130.9 
(HC(3)), 130.5 (C(8)), 129.5 (HC(10)), 128.9 (HC(6)), 128.8 (HC(9)), 126.8 
(HC(4)), 81.0 (C(13)), 28.4 (H3C(14)), 21.5 (H3C(1)). 
 m.p.: 138 °C (from hexanes) 
 IR: ATR-FTIR 
  2983 (w), 2930 (w), 1707 (m), 1596 (m), 1369 (w), 1284 (m), 1257 (w), 1159 (m), 
1110 (m), 967 (w), 947 (w), 807 (m), 767 (w), 713 (w), 530 (m).   
 LRMS: TOF ES+, 8.67 e4 eV 
  221.1 (7), 239.1 (100), 240.1 (22), 295.2 (10). 
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 HRMS: (ESI, [M+1]+)  
  calcd: 295.1698  
  found: 295.1703 
 Analysis: C20H22O2 (294.16) 
  calcd: C, 81.60 H, 7.53  
  found: C, 81.65 H, 7.34      
 TLC: Rf 0.36 (silica gel, 20:1 hexanes:TBME, UV) 
 
Preparation of tert-Butyl 4-(4-bromomethylstyryl)benzoate (x) [LRC-15-DH6795] 
 
To a flame-dried 10–mL Schlenk flask fitted with a stir bar and septum was added tert-
butyl 4-(4-methylstyryl)benzoate (400 mg, 1.36 mmol, 1.0 equiv.). The flask was evacuated, 
backfilled with Ar, and carbon tetrachloride (3.7 mL) was added to give a homogeneous, colorless 
solution. The reaction flask was fitted with a reflux condenser and heated to reflux (oil bath = 77 
ºC). To the hot solution was added N-bromosuccinimide (266 mg, 1.49 mmol, 1.1 equiv.) and 
benzoyl peroxide (16.5 mg, 0.07 mmol, 5 mol %). The reaction was heated at reflux for 24 h, then 
cooled to rt. The reaction was filtered through a Kimwipe to remove residual succiminide, rinsed 
with an excess of CCl4, and concentrated by rotary evaporation to give crude tert-butyl 4-(4-
methylstyryl)benzoate as a pale yellow solid (759 mg, 100%). Purification was performed by 
recrystallization as the compound was not stable to silica gel chromatagraphy. The crude material 
was taken up in a minimum of boiling hexanes (50 mL), subjected to a hot filtration to remove 
insoluble material, rinsed with excess boiling hexanes, and the homogeneous, pale yellow filtrate 
was reduced to a volume of approximately 35 mL. The flask was allowed to cool slowly to rt for 
3 h, at which time crystal formation was evident. The flask was further cooled to −20 °C for 18 h. 
The flocculent shiny white flakes were collected by Büchner filtration, rinsed with an excess of 
cold (−20 °C) hexanes, crushed with a spatula, and dried under reduced pressure (0.1 mm Hg) at 
rt for 24 h to yield tert-butyl 4-(4-bromomethyl)styryl)benzoate as a white crystal (203 mg, 40%). 
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Data for 200: 
m.p.: 150–151 °C (from hexanes) 
1H NMR:  (500 MHz, CDCl3) 
  7.98 (d, J = 8.5 Hz, 2 H, HC(10)), 7.54 (d, J = 8.5 Hz, 2 H, HC(9)), 7.51 (d, J = 8.3 
Hz, 2 H, HC(4)), 7.40 (d, J = 8.3 Hz, 2 H, HC(3)), 7.18 (d, J = 16.3 Hz, 1 H, HC(7)), 
7.13 (d, J = 16.3 Hz, 1 H, HC(6)), 4.52 (s, 2 H, H2C(1)), 1.61 (s, 9 H, H3C(14)). 
 13C NMR: (126 MHz, CDCl3) 
  165.7 (O=C(12)), 141.2 (C(11)), 137.7 (C(2)), 137.2 (C(5)), 131.2 (C(8)), 130.2 
(HC(7)), 130.0 (HC(10)), 129.7 (HC(3)), 128.6 (HC(6)), 127.2 (HC(4)), 126.4 
(HC(9)), 81.2 (C(13)), 33.5 (H2C(1)), 28.4 (H3C(14)). 
 IR: ATR-FTIR 
  2983 (w), 2970 (w), 2930 (w), 1703 (m), 1596 (w), 1471 (w), 1387 (w), 1279 (m), 
1248 (m), 1159 (m), 1097 (m), 867 (m), 838 (m), 767 (m), 700 (m), 611 (m), 557 
(w), 521 (w). 
 LRMS: (TOF ES+, 5.14 e3 eV) 
  239.1 (60), 269.1 (12), 293.2 (36), 294.2 (11), 317.0 (100), 318.0 (15), 319.0 (100), 
320 (15), 373.1 (14), 375.1 (13). 
 Analysis: C20H21BrO2 (373.29) 
  calcd: C, 64.35 H, 5.67 
  found: C, 64.51 H, 5.73  
 TLC: Rf 0.26 (silica gel, hexanes/TBME 20:1, UV/I2) 
 
Preparation of 3-Fluoro-5-methylbenzyl Alcohol (203) [LRC-14-DH6761, LRC-14-DH6755] 
 
 To a flame-dried 250‒mL round-bottomed flask equipped with a stir bar, septum, Ar inlet, 
and internal temperature probe was added 3-bromo-5-fluorotoluene (2.00 g, 10.58 mmol, 1.0 
equiv.) by syringe. THF (53 mL) was added and the colorless solution was stirred at rt. The reaction 
mixture was then cooled in a dry ice/acetone bath (I.T. = ˗74 ºC) and 2.43 M n-butyl lithium in 
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hexanes (4.75 mL, 11.52 mmol, 1.09 equiv.) was added dropwise by syringe at a rate in which the 
internal temperature was maintained below ˗72 ºC to give a pale yellow homogeneous solution. 
This solution was stirred at ˗78 ºC for 1.5 h, and then DMF (1.64 mL, 21.6 mmol, 2.0 equiv.) was 
added by syringe over 15 min while maintaining the internal temperature below ˗68 ºC, and then 
solution was stirred at ˗78 ºC for an additional 2 h, over which time the reaction mixture becomes 
cloudy. The reaction was then quenched by pouring directly into 100 mL of 5% aqueous NaHCO3 
solution at rt. The reaction mixture was transferred to a 250‒mL separatory funnel with Et2O (75 
mL) and the two phases were separated. The aqueous phase was extracted with Et2O (2 × 60 mL), 
and the combined organics were washed with water (5 × 100 mL) in order to remove residual 
DMF, washed with brine (1 × 100 mL), dried over Na2SO4, and concentrated by rotary evaporation 
without heating to yield 2.04 g of a pale yellow oil (>100%). Solvent was not completely removed 
from crude material due to high volatility of the benzaldehyde and the crude material was stored 
under Ar to prevent oxidation prior to use in the next step.  
 To the 100‒mL round-bottomed flask containing crude 3-fluoro-5-methylbenzaldehyde 
(2.04 g, ~10.58 mmol, 1.0 equiv.) was added a stir bar, Ar inlet, and dry EtOH (42 mL). The 
reaction was stirred under Ar and cooled in an ice-water bath for 15 min. Then sodium borohydride 
(0.48 g, 12.59 mmol, 1.2 equiv.) was added in one portion and the reaction was stirred at 0 ºC for 
2 h, after which time the reaction was complete as determined by TLC analysis (9:1 
hexanes:TMBE). The reaction was quenched by slow addition of saturated aqueous NH4Cl (20 
mL) at 0 ºC until gas evolution halted. The reaction mixture was then concentrated by rotary 
evaporation without heat to remove a majority of the EtOH, and then was transferred to a 125‒mL 
separatory funnel with dichloromethane (40 mL) and distilled water (20 mL). The organic layer 
was separated, and the aqueous layer was extracted with dichloromethane (2 × 30 mL). The 
combined organic layers were washed with brine (1 × 40 mL), dried over MgSO4, filtered 
(Kimwipe), and concentrated by rotary evaporation (no heat) to give a colorless oil (2.94 g, 
>100%). The crude oil was purified by Kugelrohr distillation (air bath = 160 ºC, 20 mbar) to give 
a colorless oil (1.33 g, 90% over 2 steps). An analytical sample was obtained by a second 
distillation under the same conditions. 
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Data for 202: 
1H NMR:  (500 MHz, CDCl3) 
  9.95 (d, J = 1.8 Hz, 1H. OHC(7)), 7.48 (br s, 1H, HC(3)), 7.36 (br dt, J = 8.4, 1.8 
Hz, 1H, HC(1)), 7.15 (br ddt, J = 1.0, 2.2, 9.3 Hz, 1H, HC(5)), 2.44 (s, 3H, H3C(8)). 
 13C NMR: (126 MHz, CDCl3) 
  191.2 (d, JC-F = 2.0 Hz, OHC(7)), 163.1 (d, JC-F = 248.7 Hz, FC(2)), 141.7 (d, JC-F 
= 7.4 Hz, OHCC(6)), 138.3 (d, JC-F = 6.6 Hz, H3CC(4)), 126.8 (d, JC-F = 2.5 Hz, 
HC(5)), 122.2 (d, JC-F = 21.6 Hz, HC(1)), 112.7 (d, JC-F = 22.0 Hz, HC(3)), 21.2 (d, 
JC-F = 1.6 Hz, H3C(8)). 
 19F NMR: (470 MHz, CDCl3) 
  −113.0 (t, J = 8.6 Hz). 
 IR: ATR-FTIR 
  2823 (w), 1700 (s), 1620 (w), 1591 (m), 1463 (w), 1387 (m), 1296 (s), 1153 (m), 
1144 (m), 1122 (m), 1024 (w), 976 (m), 950 (m), 857 (m), 707 (s), 672 (s), 546 (w), 
507 (w), 482 (w).  
 LRMS: (TOF MS EI+, 6.91 e4 eV) 
  57.0 (3), 83.0 (9), 107.0 (10), 109.0 (55), 111.1 (7), 137.0 (100), 138.0 (50), 139.1 
(18).  
 TLC: Rf 0.41 (silica gel, hexanes/TBME 9:1, UV) 
 
Data for 203: 
 b.p.: 160 °C (15 mm Hg) 
1H NMR:  (500 MHz, CDCl3) 
  6.89 (br s, 1 H, HC(3)), 6.88 (br d, J = 9.4 Hz, 1 H, HC(1)), 6.80 (br d, J = 9.6 Hz, 
1 H, HC(5)), 4.65 (s, 2 H, H2C(7)), 2.35 (s, 3 H, H3C(8)). 
 13C NMR: (126 MHz, CDCl3) 
  163.1 (, JC-F = 245.2 Hz, F-C(2)), 143.2 (JC-F = 7.9 Hz, HOCH2C(6)), 140.7 (JC-F = 
8.0 Hz, H3CC(4)), 123.1 (JC-F = 2.7 Hz, HC(5)), 115.1 (JC-F = 21.2 Hz, HC(1)), 
110.8 (JC-F = 21.4 Hz, HC(3)), 64.7 (JC-F = 2.3 Hz, H2C(7)), 21.4 (JC-F = 1.9 Hz, 
H3C(8)). 
 IR: ATR-FTIR 
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  3308 (w), 2923 (w), 1623 (w), 1590 (w), 1461 (m), 1300 (m), 1150 (w), 1129 (m), 
1036 (m), 1010 (m), 935 (m), 844 (s), 681 (m), 648 (m), 565 (w), 542 (m) 512 (w), 
487 (w). 
 LRMS: (EI+, 70 eV) 
  77.0 (20), 83.0 (22), 91.0 (28), 97.0 (65), 109.0 (70), 125.0 (71), 140.0 (100). 
 Analysis: C8H9FO (140.16) 
  calcd: C, 68.56 H, 6.47 
  found: C, 68.31 H, 6.53  
 TLC: Rf 0.07 (silica gel, hexanes/TBME 9:1, UV) 
 
Preparation of 3-Fluoro-5-methylbenzyl Bromide (203) [LRC-14-DH6758] 
 
 To a flame-dried 2-neck 250–mL round-bottomed flask fitted with an Ar inlet, internal 
temperature probe, and magnetic stir bar was added 3-fluoro-5-methylbenzyl alcohol (1.00 g, 7.13 
mmol, 1.0 equiv.) as a solution in toluene (40 mL) by canula. The colorless, homogeneous solution 
was cooled in a ice-salt water bath (I.T. = −1 ºC), and then phosphorus tribromide (0.78 mL, 8.35 
mol, 1.17 equiv.) was added dropwise by syringe over a 5 min period while maintaining the 
internal temperature below 5 ºC. After addition, the reaction was stirred at 0 ºC for 3 h, and was 
then quenched by the addition of saturated aqueous Na2CO3 (50 mL). The reaction mixture was 
transferred to a 250–mL separatory funnel with dichloromethane (50 mL). The organic layer was 
separated and the aqueous layer was extracted with dichloromethane (3 × 30 mL). The combined 
organic layer was washed with distilled H2O (1 ×40 mL), saturated brine solution (1 × 40 mL), 
dried over MgSO4, filtered, and concentrated by rotary evaporation to give the crude material as a 
colorless oil (0.7 g, 50% mass recovery). Purification by Kugelrhor distillation (air bath = 135 ºC 
at 25 mbar) yielded 3-fluoro-5-methylbenzyl bromide as a low-melting white crystalline solid (527 
mg, 38%).). An analytical sample was obtained by a second distillation under the same conditions. 
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Data for 203: 
 b.p.: 135 °C (15 mm Hg) 
1H NMR:  (500 MHz, CDCl3) 
  6.98 (br s, 1 H, HC(5)), 6.91 (br d, J = 9.1 Hz, 1 H, HC(3)), 6.82 (br d, J = 9.4 Hz, 
1 H, HC(1)), 4.42 (s, H2C(7)), 2.34 (s, H3C(8)). 
 13C NMR: (126 MHz, CDCl3) 
  162.8 (JC-F = 246.3 Hz, F–C(2)), 141.0 (JC-F = 7.8 Hz, C(4)), 139.7 (JC-F = 7.8 Hz, 
C(6)), 125.5 (JC-F = 2.3 Hz, HC(5)), 116.2 (JC-F = 21.2 Hz, HC(3)), 113.1 (JC-F = 
22.1 Hz, HC(1)), 32.7 (JC-F = 2.3 Hz, H2C(7)), 21.4 (JC-F = 1.8 Hz, H3C(8)).  
 IR: ATR-FTIR 
  2974 (w), 2920 (w), 1623 (m), 1591 (m), 1458 (w), 1306 (m), 1213 (m), 1132 (m), 
1020 (w), 971 (m), 851 (m), 691 (s), 601 (s), 512 (w). 
 LRS: (EI, 70 eV) 
  123.0 (100), 201.9 (12), 202.9 (3), 203.9 (12), 204.9 (3). 
 Analysis: C8H8FO (203.05) 
  calcd: C, 47.32 H, 3.97 
  found: C, 47.30 H, 3.96  
 TLC: Rf 0.07 (silica gel, hexanes/TBME 9:1, UV) 
 
Preparation of 2,7-Dibromo-9H-fluorene (205) [LRC-14-DH6732] 
 
 To a flame-dried 250‒mL 3-neck round-bottomed flask fitted with an Ar inlet, septum, 
internal temperature probe, and 25‒mL addition funnel, was added fluorene (6.80 g, 40.91 mmol, 
1.0 equiv.) and BHT (0.01 g, 0.05 mmol, 0.1 mol %). The flask was evacuated and backfilled with 
Ar, and then CHCl3 (50 mL) was added and stirred at rt to give a colorless, homogeneous solution. 
Under a stream of Ar was added ferric chloride (0.2 g, 1.23 mmol, 3 mol %) and an additional 50 
mL of CHCl3 to give a heterogeneous black-yellow solution. This solution was then cooled to ˗60 
ºC in a dry ice/acetone bath. The addition funnel was charged with bromine (4.61 mL, 90.00 mmol, 
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2.2 equiv.). While stirring, bromine was then added dropwise over 5 min while maintaining the 
internal temperature below ˗50 ºC to give a red-brown solution. The bath was allowed to warm to 
room temperature overnight (21.5 h). The reaction was then quenched at rt by the addition of 
saturated aqueous Na2SO3 (100 mL) and stirred at rt for 1 h (loss of color completely over time). 
The reaction mixture was transferred to a 250‒mL separatory funnel with dichloromethane (50 
mL). The insoluble material was removed by filtration (Kimwipe) into another separatory funnel, 
and this solution was extracted with dichloromethane (3 × 100 mL), and the combined organic 
layers were washed with brine (1 × 150 mL), dried over MgSO4, filtered (Kimwipe), and 
concentrated by rotary evaporation to afford a poor recovery of a pale yellow solid (9.67 g, 73%). 
The previously insoluble filtrate at the beginning of the workup was redissolved in EtOAc (150 
mL) and recombined with the retained aqueous layer from above. This mixture was extracted with 
EtOAc (3 × 100 mL), and the combined organic layers were dried over Na2SO4, filtered 
(Kimwipe), and concentrated by rotary evaporation to yield an addition 3.51 g of a pale yellow 
solid (26%). All of the combined crude solid (13.81 g) was dissolved in a minimum of boiling 
EtOH (200 mL) and submitted to a hot filtration (cotton plug). The solution began to crystallize at 
rt, and was then cooled to ˗20 ºC for 3 h. The crystals were collected by Büchner filtration and 
rinsed with an excess of cold (˗20 ºC) ethanol to yield pale orange needles (3.57 g, 27%). The 
mother liquor from this recrystallization and any insoluble material recovered from hot filtration 
was recombined, dried under high vacuum (0.1 mm Hg) and recrystallized for a second crop from 
chloroform. The crude yellow material was dissolved in a minimum of boiling chloroform (90 
mL), submitted to a hot filtration (Kimwipe), and then reduced to a volume of approximately 75 
mL. The flask was allowed to cool to rt (no crystal formation), then cooled in an ice-water bath to 
induce crystallization. This flask was then cooled to ˗20 ºC overnight.  The crystalline material 
was collected by Büchner filtration, rinsed with cold (˗20 ºC) chloroform, and dried under reduced 
pressure (0.1 mm Hg) to give pale yellow shiny flakes (7.87 g, 59%).  
 
Data for 205: 
 m.p.: 163–164 °C 
 1H NMR: (400 MHz, CDCl3) 
7.67 (br d, J = 1.7 Hz, 2 H, HC(1)), 7.60 (d, J = 8.1 Hz, 2 H, HC(3)), 7.50 (dd, J = 
8.1, 1.7 Hz, 2 H, HC(2)), 3.87 (s, 2 H, H2C(4)).  
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 IR: (ATR-FTIR) 
  1453 (w), 1391 (w), 1158 (w), 1054 (w), 1005 (w), 952 (w), 932 (w), 858 (w), 833 
(w), 807 (m), 685 (w), 661 (w), 498 (m). 
 LRMS: (TOF MS AP+, 1.63e5 eV): 
  149.02 (22), 163.05 (30), 165.07 (75), 166.07 (10), 242.98 (80), 243.98 (40), 244.98 
(82), 245.98 (40), 321.90 (50), 323.90 (100), 325.90 (50). 
 HRMS: (ESI, neg. ion mode, [M-H]-): 
  calcd: 320.8915 
  found: 320.8909 
 TLC: Rf 0.67 (silica gel, hexanes/TBME 20:1, UV) 
 
Preparation of 9,9-Dimethyl-2,7-dibromofluorene (206) [LRC-14-DH6756] 
 
 To a flame-dried, 500‒mL, 2-neck round-bottomed flask fitted with an Ar inlet, stir bar, 
septum, and internal temperature probe was added 2,7-dibromo-9H-fluorene (10.68 g, 32.96 
mmol, 1.0 equiv.). The flask was evacuated and backfilled with Ar. THF (70 mL) was added and 
the reaction was stirred at rt to give a colorless solution. The solution was cooled in an ice-water 
bath (I.T. = 1 ºC), then potassium tert-butoxide (8.14 g, 72.50 mmol, 2.2 equiv.) was added as a 
solid portionwise at a rate in which the internal temperature was maintained below 5 ºC to give a 
deep purple solution. After full addition, the ice-water bath was removed and the solution was 
stirred at rt for 3 h. The reaction mixture was then cooled in an ice-water bath, and methyl iodide 
(4.31 mL, 69.21 mmol, 2.1 equiv.) was added by syringe (exotherm to 18 ºC) to give an immediate 
chalky precipitate. The ice-water bath was then removed after the initial exotherm, and the reaction 
was stirred at rt overnight (18 h) to give a pink, opaque solution. This solution was then transferred 
to a 500‒mL separatory funnel containing distilled water (150 mL) and EtOAc (200 mL). The 
organic layer was removed and the aqueous layer was acidified by the addition of 1 M aqueous 
HCl (100 mL) and re-extracted with EtOAc (3 × 100 mL). The combined organic layers were 
washed with 2 M aqueous KOH (2 × 150 mL), saturated aqueous brine (1 × 200 mL), dried over 
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Na2SO4, filtered, and concentrated under reduced pressure to give a brown-orange solid (11.3 g, 
98%). The crude material was taken up in boiling EtOH (200 mL), submitted to a hot filtration 
(Kimwipe), and the volume was reduced to 100 mL. The orange solution was allowed to cool to 
rt, then ˗ 20 ºC for 2.5 h forming small, dark orange crystals. The crystals were collected by Büchner 
filtration and rinsed with cold (˗20 ºC) EtOH. The insoluble material from hot filtration above was 
redissolved in boiling chloroform (100 mL), submitted to a hot filtration, and allowed to cool to 
rt, and then ˗ 20 ºC for 18 h, in which long pale yellow needles formed. The crystals were collected 
by Büchner filtration and rinsed with cold (˗20 ºC) chloroform. Both crystal crops were combined 
and dried under vacuum (0.1 mm Hg) to yield 7.11 g of orange-yellow crystals (61%). Further 
attempts at recrystallization of the mother liquor were unsuccessful. The isolated material from 
both recrystallizations matched the spectral characteristics in the previous report. 
 
Data for 206: 
 m.p.: 172–173 °C 
 1H NMR: (400 MHz, CDCl3) 
7.55 (s, 1 H, HC(1)), 7.54‒7.52 (m, 2 H, HC(1), HC(2)), 7.47 (d, J = 1.7 Hz, 1 H, 
HC(3)), 7.45 (d, J = 1.7 Hz, 1 H, HC(3)), 1.46 (s, 6 H, H3C(5)). 
 IR: (ATR-FTIR) 
  2962 (w), 1447 (w), 1398 (w), 1259 (w), 1083 (w), 1059 (w), 1002 (w), 865 (w), 
824 (w), 791 (m), 729 (w), 666 (w). 
 LRMS: (TOF MS AP+, 5.93e5 eV): 
  149.02 (48), 165.07 (12), 176.06 (25), 178.08 (70), 189.07 (18), 191.09 (10), 255.99 
(30), 257.99 (35), 272.02 (43), 344.91 (12), 336.90 (26), 349.93 (50), 351.93 (100), 
353.93 (50). 
 HRMS: (ESI, pos. ion mode, [M+H]+): 
  calcd: 349.9306 
  found: 349.9305 
 TLC: Rf 0.67 (silica gel, hexanes/TBME 20:1, UV) 
  
273 
 
Preparation of 2-Bromo-7-hydroxymethyl-9,9-dimethylfluorene (208) [LRC-15-DH6776, 
LRC-15-DH6777] 
 
To a flame-dried, 250‒mL 3-neck round-bottomed flask fitted with a magnetic stir bar, Ar 
inlet, and internal temperature probe was added 2,7-dibromo-9,9-dimethylfluorene (3.00 g, 8.52 
mmol, 1.0 equiv.). The flask was evacuated and backfilled with Ar, and then THF (42.6 mL) was 
added to give a pale orange homogeneous solution. The reaction mixture was cooled in a dry 
ice/acetone bath to an internal temperature of ˗74 ºC. To this solution was added 2.43 M n-butyl 
lithium in hexanes (3.86 mL, 8.95 mmol, 1.05 equiv.) dropwise by syringe over 15 min while 
maintaining the internal temperature below ˗71 ºC to give a deep red solution. The reaction was 
allowed to stir at ˗78 ºC for an additional hour after addition and was then quenched with dimethyl 
formamide (1.33 mL, 17.04 mmol, 2.00 equiv.) which resulted in an exotherm to ˗65 ºC. This 
reaction was warmed to ˗30 ºC over 1 h, then was poured into a rapidly stirred rt 5% aq. NaHCO3 
solution (140 mL) with loss of the red color to give a heterogeneous yellow solution. This solution 
was extracted with Et2O (3 × 60 mL), and the combined organic layer was washed with distilled 
H2O (4 × 40 mL), saturated brine (1 × 50 mL), dried over Na2SO4, and concentrated under reduced 
pressure (15 mm Hg) to give a crude yellow solid (2.52 g, 98%) which was used as is in the next 
reaction. 
 To the 100‒mL, single-necked round-bottomed flask containing crude 2-bromo-7-formyl-
9,9-dimethylfluorene (2.42 g, 8.03 mmol, 1.0 equiv.) was added a magnetic stir bar and Ar inlet. 
The flask was evacuated and backfilled with Ar twice, then EtOH (34 mL) was added. The mixture 
was stirred to give a heterogeneous, pale yellow solution (starting material is only partially 
soluble). This flask was cooled in an ice-water bath for 10 min, then NaBH4 (364.8 mg, 9.64 mmol, 
1.2 equiv.) was added as a solid in one portion. The reaction was allowed to stir at 0 ºC for 1.5 h, 
at which time the reaction was complete as indicated by TLC (4:1 hexanes:EtOAc, vis:UV). The 
reaction was quenched carefully at 0 ºC with 25 mL of saturated aqueous NH4Cl to give a cloudy 
white solution. This mixture was split into two portions and extracted with TBME (3 × 30 mL), 
the combined organic layer was washed with saturated brine (1 × 50 mL), dried over MgSO4, 
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concentrated under reduced pressure (15 mm Hg) and then under high vacuum (0.1 mm Hg) at rt 
for 2 h to give a crude yellow oil (xx g). Purification by flash chromatography (SiO2, 30 mm × 150 
mm, celite dry load, 20 mL fractions, hexanes/EtOAc gradient elution: 10:1 (400 mL) to 4:1 (500 
mL) to 3:1 (800 mL)) yielded 2-bromo-7-hydroxymethyl-9,9-dimethylfluorene as an off-
white/yellow foam (1.56 g, 64% over 2 steps). This material contained approximately 5% of 
dehalogenated contaminant that was removed at a later stage in the synthesis. 
 
Data for 207: 
 1H NMR: (500 MHz, CDCl3) 
10.05 (s, 1 H, OHC(15)), 7.96 (br s, 1 H, HC(1)), 7.87 (dd, J = 7.9, 1.5 Hz, 1 H, 
HC(4)), 7.82 (d, J = 7.8 Hz, 1 H, HC(3)), 7.65 (d, J = 8.0 Hz, 1 H, HC(8)), 7.61 (d, 
J = 1.8 Hz, 1 H, HC(10)), 7.51 (dd, J = 8.1, 1.7 Hz, 1 H, HC(7)), 1.51 (s, 6 H, 
H3C(14)). 
 13C NMR: (126 MHz, CDCl3) 
192.1 (OHC(15)), 157.0 (C(11)), 154.0 (C(13)), 144.6 (C(5), C(6)), 136.8 (C(9)), 
135.9 (C(2)), 130.8 (HC(7)), 126.6 (HC(10)), 123.2 (HC(1)), 122.7 (HC(8)), 120.5 
(HC(3)), 47.4 (Me2C(12)), 26.9 (H3C(14)). 
Data for 208: 
 1H NMR: (500 MHz, CDCl3) 
7.66 (d, J = 7.7 Hz, 1 H, HC(3)), 7.57 (d, J = 7.6 Hz, 1 H, HC(8)), 7.56 (s, 1 H, 
HC(1)), 7.46 (dd, J = 1.8, 8.1 Hz, HC(7)), 7.44 (s, 1 H, HC(10)), 7.32 (d, J = 7.7 
Hz, 1 H, HC(4)), 4.75 (s, 2 H, H2C(15)), 1.91 (br s, 1 H, OH), 1.48 (s, 6 H, H3C(14)). 
 13C NMR: (126 MHz, CDCl3) 
155.9 (C(13), 153.8 (C(11)), 140.6 (C(2)), 138.0 (C(6)), 137.8 (C(5)), 130.2 
(HC(7)), 126.3 (HC(4)), 126.3 (HC(8)), 121.5 (HC(10)), 121.5 (HC(1)), 121.3 
(C(9)), 120.3 (HC(3)), 65.7 (C(12)), 47.2 (H2C(15)), 27.1 (H3C(14)). 
 IR: ATR-FTIR 
3331 (w), 2956 (w), 2921 (w), 2921 (w), 2858 (w), 1452 (w), 1400 (w), 1257 (w), 
1177 (w), 1056 (w), 1003 (w), 815 (m), 740 (w). 
 LRMS: (TOF ES+ w/ NaCl, 1.93 e4 eV) 
  285.0 (50), 287.0 (50), 325.0 (15), 327.0 (15), 393.3 (100), 394.3 (25). 
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 TLC: Rf 0.04 (silica gel, hexanes/TBME 10:1, UV) 
 
Preparation of 2-Bromo-7-(tert-butyl-dimethylsilyloxy)-methyl-9,9-dimethylfluorene (208) 
[LRC-15-DH6780] 
 
 To a flame-dried 250‒mL single-neck round-bottomed flask fitted with an Ar inlet and stir 
bar, was added 2-bromo-7-hydroxymethyl-9,9-dimethylfluorene (1.22 g, 4.03 mmol, 1.0 equiv.) 
as a solution in CH2Cl2 (15 mL) by cannula. The remaining CH2Cl2 (11 mL) was added to the 
reaction flask and this mixture was stirred to give a pale yellow solution. To this solution was 
added tert-butyldimethylsilyl chloride (0.81 g, 5.36 mmol, 1.33 equiv.) in one portion, and the 
reaction mixture was cooled in an ice-water bath. At 0 ºC was added triethylamine (0.75 mL, 5.36 
mmol, 1.33 equiv.) and 4-dimethylaminopyridine (50 mg, 0.04 mmol, 10 mol %). The reaction 
was stirred at 0 ºC for 15 min, then removed from the ice bath and stirred at rt overnight (18 h). 
The reaction was complete as determined by TLC (4:1 hexanes:TBME, vis:UV) and the reaction 
was quenched at rt by the addition of 25 mL of saturated aqueous NH4Cl solution. The crude 
reaction mixture was transferred to a 125‒mL separatory funnel with CH2Cl2 and distilled water. 
The organic layer was separated, and the aqueous layer was extracted with CH2Cl2 (2 × 30 mL). 
The combined organic layer was washed with saturated brine solution (1 × 30 mL), dried over 
MgSO4, filtered, and concentrated by rotary evaporation (20 mm Hg), then dried under high 
vacuum (0.1 mm Hg) at rt to give 1.75 g of a pale yellow oil. This crude material was purified by 
column chromatography (SiO2, 170 mm × 30 mm, load in hexanes, gradient elution: 100% hexanes 
(400 mL) to 20:1 hexanes:TBME (400 mL) to 10:1 hexanes:TBME (200 mL), 20 mL fractions (40 
total)) to give 2-bromo-7-TBS-hydroxymethyl-9,9-dimethylfluorene as a pale yellow oil (1.41 g, 
84%) which solidified upon standing at ˗20 °C. An analytically pure sample was obtained by 
recrystallization. The low melting white solid was dissolved in a minimum of boiling MeOH (15 
mL), subjected to a hot filtration through a preheated glass funnel/Kimwipe into a 50‒mL 
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Erlemeyer flask, rinsed with hot MeOH, and then reduced to an approximate volume of 10 mL. 
The flask was allowed to cool to rt (no crystallization), then cooled to ˗20 °C for 24 h, at which 
time white crystals formed. The crystals were collected by Büchner filtration, rinsed with ice-cold 
MeOH, and then dried at rt under reduced pressure (0.1 mm Hg). 
 
Data for 208: 
 m.p.: 58–59 °C (MeOH) 
 1H NMR: (500 MHz, CDCl3) 
7.64 (d, J = 7.8 Hz, 1 H, HC(4)), 7.55 (d, J = 8.2 Hz, 1 H, HC(8)), 7.54 (d, J = 1.9 
Hz, 1 H, HC(10)), 7.44 (dd, J = 8.0, 1.9 Hz, 1H, HC(7)), 7.40 (dd, J = 1.5, 0.7 Hz, 
1 H, HC(10)), 7.29 (ddt, J = 7.8, 1.5 0.7 Hz, 1 H, HC(3)), 4.81 (br s, 2 H, H2C(15)), 
1.47 (s, 6 H, H3C(14)), 0.96 (s, 9 H, H3C(18)), 0.12 (s, 6 H, H3C(16)). 
 13C NMR: (126 MHz, CDCl3) 
155.9 (C(11)), 153.5 (C(13)), 141.4 (C(2)), 138.3 (C(6)), 137.1 (C(5)), 130.1 
(HC(7)), 126.3 (HC(8)), 125.3 (HC(3)), 121.4 (HC(10)), 120.9 (C(9)), 120.6 
(HC(1)), 119.6 (HC(4)), 65.4 (H2C(15)), 47.1 (Me2C(12)), 27.2 (H3C(14)), 26.1 
(H3C(18)), 18.6 (Me3C(17)), ˗5.0 (H3C(16)). 
 IR: ATR-FTIR 
  2956 (w), 2925 (w), 2854 (w), 1454 (w), 1369 (w), 1253 (w), 1110 (m), 878 (w), 
834 (m), 821 (m), 776 (m), 740 (w), 669 (w). 
 LRMS: (TOF ES+, 2.08 e4 eV) 
  207.1 (43), 285.0 (92), 287.0 (90), 301.0 (12), 303.0 (10), 315.0 (28), 317.0 (28), 
337.2 (13), 415.1 (95), 417.1 (100). 
 HRMS: (ESI, pos. ion mode, [M+H]+): C22H30BrOSi 
  calcd: 415.1093 
  found: 415.1094 
 TLC: Rf 0.71 (silica gel, hexanes/TBME 10:1, UV) 
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Preparation of 7-n-Butyl-2-hydroxymethyl-9,9-dimethylfluorene (210) [LRC-15-DH6782, 
LRC-15-DH6786] 
 
 To a flame-dried 50‒mL 3-neck round-bottomed flask fitted with a stir bar, Ar inlet, and 
reflux condenser was added Pd(dppf)Cl2·CH2Cl2 (35.0 mg, 0.04 mmol, 2 mol %). The flask was 
evacuated and backfilled with Ar twice. To a separate flame-dried 50‒mL single-necked conical 
flask with Ar inlet was added 2-bromo-7-TBS-hydroxymethyl-9,9-dimethylfluorene (1.00 g, 2.4 
mmol, 1.0 equiv.). The conical flask was evacuated with backfilled with Ar twice, then THF (8 
mL) was added to give colorless solution. This THF solution was then added to the flask containing 
the Pd catalyst by canula, and the conical flask and canula was rinsed with an additional THF (4 
mL). The reaction mixture was added to a pre-heated oil bath (50 °C) and stirred under Ar to give 
a bright orange, heterogeneous solution. To this heated solution was added 1.87 M n-butyl 
magnesium bromide in diethyl ether (3.60 mL, 2.87 mmol, 1.2 equiv.) dropwise by syringe over 
10 min. The reaction mixture turns dark purple over the course of addition. The reaction mixture 
was then heated at 50 °C for 18 h, at which time full conversion of the starting aryl bromide was 
observed. Conversion of the starting material was monitored using reverse phase HPLC (Zorbax, 
85:15 MeCN:H2O, 0.6 mL/min, 220 nm, 23 °C, tsm = 6.3 min, tpdt = 12.7 min). The reaction was 
removed from the oil bath, cooled to 0 °C (ice-water bath), and quenched by slow addition of 
saturated aqueous NH4Cl (6 mL), and stirred until gas evolution ceases. The reaction mixture was 
then transferred to a 125‒mL separatory funnel with TBME (30 mL) and distilled water (20 mL). 
The aqueous layer was separated and extracted with TBME (2 × 20 mL), and the combined organic 
layer was washed with saturated brine solution (1 × 20 mL), dried over MgSO4, and filtered 
through a short plug of SiO2 (2 cm × 3 cm) in TBME to remove the Pd catalyst. This solution was 
then concentrated under reduced pressure (15 mm Hg) and dried under high vacuum at rt (0.1 mm 
Hg) to yield crude 2-n-butyl-7-TBS-hydroxymethyl-9,9-dimethylfluorene was a brown-purple oil 
(1.104 g). This crude material was used without further purification. 
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 To the 50‒mL single-neck round-bottomed flask containing crude 7-n-butyl-2-TBS-
hydroxymethyl-9,9-dimethylfluorene (1.08 g) was added a stir bar and Ar inlet. The flask was 
evacuated and backfilled with Ar, then THF (22.3 mL) was added to give a brown-yellow 
homogeneous solution. To a separate vial was added tetrabutylammonium fluoride trihydrate (1.04 
g, 3.29 mmol, 1.2 equiv.) within a dry box. This vial was removed from the dry box and the solid 
was added immediately to the reaction mixture. The vial was rinsed with THF (0.5 mL) and the 
reaction was stirred at rt for 2 h, at which time full conversion of the starting material was observed 
by TLC (4:1 hexanes:EtOAc, vis: UV). The reaction was quenched at rt by the addition of saturated 
aqueous NH4Cl (20 mL). The reaction mixture was transferred to a 125‒mL separatory funnel with 
EtOTAc (20 mL) and distilled water (10 mL). The aqueous layer was extracted with EtOAc (2 × 
30 mL), and the combined organic layer was washed with brine (1 × 30 mL), dried over Na2SO4, 
filtered (Kimwipe), and concentrated under reduced pressure (15 mm Hg) to yield an orange oil 
(1.24 g). The crude material was adsorbed onto celite and purified by flash chromatography (SiO2, 
30 mm × 180 mm, dry load with 5% EtOAc in hexanes, 20 mL fractions, gradient elution: 5% 
EtOAc in hexanes (400 mL) to 10% (2 L) to 20% (500 mL)). Pure 7-n-butyl-2-hydroxymethyl-
9,9-dimethylfluorene eluted first as a purple spot when stained with CAM, and eventually co-
eluted with a small amount of dehalogenated side-product which appears as a bright blue spot in 
CAM. These mixed fractions were collected separately (231 mg). Purified 7-n-butyl-2-
hydromethyl-9,9-dimethylfluorene was isolated as a viscous pale yellow oil (0.420 g, 55% over 2 
steps) and used without further purification. An analytical sample was obtained by distillation of 
a small amount of the purified material using a diffusion pump (Kugelrhor distillation, air bath = 
150 °C, 3.2 × 10-5 mm Hg). 
 
Data for 209: 
 1H NMR: (500 MHz, CDCl3) 
7.64 (d, J = 7.7 Hz, 1 H, HC(4)), 7.61 (d, J = 7.7 Hz, 1 H, HC(8)), 7.40 (s, 1 H, 
HC(1)), 7.27 (dd, J = 6.8, 1.0 Hz, 1 H, HC(3)), 7.24 (s, 1 H, HC(10)), 7.15 (d, J = 
7.7 Hz, 1 H, HC(7)), 4.84 (br s, 2 H, H2C(15)), 2.69 (t, J = 7.8 Hz, 2 H, H2C(19)), 
1.66 (tdt, J = 9.6, 7.6, 5.8 Hz, 2 H, H2C(20)), 1.48 (s, 6 H, H3C(14)), 1.42 (dd, J = 
15.0, 7.4 Hz, 2 H, H2C(22)), 1.02‒0.97 (m, 12 H, H3C(18), H3C(22)), 0.11 (s, 6 H, 
H3C(16)). 
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 13C NMR: (126 MHz, CDCl3) 
154.0 (C(11)), 153.9 (C(13)), 142.2 (C(9)), 140.2 (C(2)), 138.4 (C(5)), 136.9 
(C(6)), 127.2 (HC(7)), 125.1 (HC(3)), 122.7 (HC(10)), 120.6 (HC(1)), 119.7 
(HC(4)), 119.5 (HC(8)), 65.6 (H2C(15)), 46.7 (Me2C(12)), 36.2 (H2C(19)), 34.2 
(H2C(20)), 27.3 (H3C(14)), 26.1 (H3C(18)), 22.7 (H2C(21)), 18.6 (Me3C(17)), 14.2 
(H3C(22)), ˗5.0 (H3C(16)). 
Data for 210: 
 b.p.: 150 °C (air bath, 3.2 × 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.67 (d, J = 7.7 Hz, 1 H, HC(4)), 7.63 (d, J = 7.7 Hz, 1 H, HC(8)), 7.44 (br s, 1 H, 
HC(1)), 7.31 (dd, J = 7.7, 1.7 Hz, 1 H, HC(3)), 7.25 (br s, 1 H, HC(10)), 7.17 (dd, 
J = 7.7, 1.7 Hz, 1 H, HC(7)), 4.76 (br s, 2 H, H2C(15)), 2.71 (t, J = 7.9 Hz, 2 H, 
H2C(16)), 1.83 (br s, OH), 1.67 (tt, J = 6.1, 7.9 Hz, 2 H, H2C(17)), 1.49 (s, 6 H, 
H3C(14)), 1.42 (h, J = 7.4 Hz, 2 H, H2C(18)), 0.97 (t, J = 7.4 Hz, 3 H, H3C(19)). 
 13C NMR: (126 MHz, CDCl3) 
  154.1 (C(13)), 154.1 (C(11)), 142.5 (C(9)), 139.6 (C(2)), 139.1 (C(5)), 136.5 
(C(6)), 127.3 (HC(7)), 126.1 (HC(3)), 122.8 (HC(10)), 121.5 (HC(1)), 119.8 
(HC(4)), 119.8 (HC(8)), 65.9 (H2C(15)), 46.8 (Me2C(12)), 36.2 (H2C(16)), 34.1 
(H2C(17)), 27.4 (H3C(14)), 22.7. 
 IR: ATR-FTIR 
  3322 (w), 2956 (m), 2930 (m), 2858 (m), 1614 (w), 1462 (m), 1177 (w), 1108 (w), 
909 (m), 815 (m), 730 (m). 
 LRMS: (TOF ES+ w/ NaCL, 7.67 e4 eV) 
  263.2 (45), 263.4 (18), 303.2 (100), 304.2 (25). 
 HRMS: (ESI, [M+1]+) C20H25O 
  calcd: 303.1725 
  found: 303.1731 
 Analysis: C20H24O (280.41) 
  calcd: C, 85.67 H, 8.63  
  found: C, 85.32 H, 8.67       
 TLC: Rf 0.08 (silica gel, hexanes:TBME 10:1, UV) 
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Preparation of 7-n-Butyl-2-bromomethyl-9,9-dimethylfluorene (210) [LRC-15-DR2103] 
 
 To a flame-dried single-neck 50–mL round-bottomed flask fitted with an Ar inlet and 
magnetic stir bar was added 7-n-butyl-2-hydroxymethyl-9,9-dimethylfluorene (280 mg, 1.0 mmol, 
1.0 equiv.) as a solution in toluene (4 mL) by canula under Ar. The canula was rinsed with an 
additional 1.6 mL of toluene. The colorless, homogeneous solution was cooled in an ice-water bath 
(I.T. < 1 ºC) and phosphorus tribromide (0.11 mL, 1.17 mmol, 1.17 equiv.) was added dropwise 
by syringe over 5 min. The reaction was stirred at 0 ºC for 1.5 h, then quenched by pouring into 
ice-cold saturated Na2CO3 solution (100 mL). The reaction mixture was poured into a 250–mL 
separatory funnel and extracted with dichloromethane (3 × 50 mL). The combined organic layer 
was washed with distilled water (1 × 50 mL), saturated brine solution (1 × 50 mL), dried over 
MgSO4, filtered, and concentrated by rotary evaporation to yield 7-n-butyl-2-bromomethyl-9,9-
dimethylfluorene as a thick colorless oil (290 mg, 84%). This material was used without further 
purification due to instability to column chromatography. An analytical sample was prepared by 
distillation (air bath = 120 °C, 2.6 × 10-5 mm Hg). 
 
Data for 210: 
 b.p.: 120 °C (air bath, 2.6 × 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
 7.64 (d, J = 7.7 Hz, 1 H, HC(3)), 7.62 (d, J = 7.7 Hz, 1 H, HC(8)), 7.44 (br s, 1 H, 
HC(1)), 7.36 (dd, J = 1.7, 7.8 Hz, 1 H, HC(4)), 7.25 (br s, 1 H, HC(10)), 7.17 (dd, 
J = 1.6, 7.7 Hz, 1 H, HC(7)), 4.61 (s, 2 H, H2C(15)), 2.70 (dd, J = 6.7, 9.1 Hz, 2 H, 
H2C(16)), 1.66 (p, J = 76 Hz, 2 H, H2C(17)), 1.49 (s, 6 H, H3C(14)), 1.41 (h, J = 
7.3 Hz, 2 H, H2C(18)), 0.97 (t, J = 7.3 Hz, 3 H, H3C(19)). 
 13C NMR: (126 MHz, CDCl3) 
154.3 (C(11)), 154.2 (C(13)), 142.9 (C(9)), 139.9 (C(5)), 136.2 (C(2)), 136.2 
(C(6)), 128.2 (HC(4)), 127.4 (HC(7)), 123.5 (HC(1)), 122.8 (HC(10)), 120.0 
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(HC(3)), 120.0 (HC(8)), 46.8 (C(12)), 36.2 (H2C(16)), 34.6 (H2C(15)), 34.1 
(H2C(17)), 27.3 (H3C(14)), 22.7 (H2C(18)), 14.2 (H3C(19)). 
 IR: ATR-FTIR 
2956 (m), 2925 (m), 2858 (m), 1614 (w), 1467 (m), 1208 (m), 891 (w), 820 (m), 
744 (m), 655 (m), 566 (w), 548 (w). 
 LRMS: (EI+, 70 eV) 
123.0 (12), 179.9 (20), 205.0 (17), 220.0 (15), 248.0 (12), 263.0 (100), 341.9 (10), 
342.9 (10), 342.9 (3), 343.9 (10), 344.9 (3). 
 HRMS: (ESI, [M+1]+) C20H24Br 
  calcd: 342.0982 
  found: 342.0981 
 Analysis: C20H23Br (343.31) 
  calcd: C, 69.97 H, 6.75   
  found: C, 70.31 H, 6.78     
 TLC: Rf 0.71 (silica gel, hexanes:TBME 10:1, UV) 
 
Preparation of 5-Chloro-2-hydroxy-3-nitrobenzoic acid (212) [LRC-14-DH6746] 
 
 To a 250‒mL single-neck round-bottomed flask equipped with a magnetic stir bar and 
internal temperature probe was added 5-chlorosalicylic acid (10.0 g, 57.95 mmol, 1.0 equiv.) and 
concentrated sulfuric acid (38 mL). The reaction mixture was cooled in an ice-salt water bath (I.T. 
< 1 ºC) and stirred open to air to give a turbid, colorless solution. A 50‒mL Erlenmeyer flask 
containing concentrated (98%) sulfuric acid (15.6 mL) was cooled in an ice-water bath, and then 
treated with concentrated (70%) nitric acid (6.6 mL) dropwise with gentle swirling to give a 
colorless, nitrating solution. The nitrating solution (10.4 mL) was then added to the reaction 
mixture dropwise by pipette over 40 min, maintaining the internal temperature below 5 ºC. Over 
the course of addition, the reaction mixture turned from bright yellow to a dark brown. Following 
complete addition, the cooling bath was removed, a yellow cap was added, and the reaction was 
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stirred at rt for 2.5 h. The reaction mixture still contained starting salicylic acid as determined by 
TLC analysis (30% EtOH in CHCl3 with 1% AcOH). An additional 3 mL of nitrating solution was 
added at rt, and the reaction was stirred for an additional 2.5 h, at which time the starting material 
was completely consumed. The reaction was quenched by pouring into an ice-cold 500‒mL 
Erlenmeyer containing approximately 100 mL of ice to produce a pale yellow precipitate. The 
quenched heterogeneous mixture was stirred for 15 min at 0 ºC, then the pale yellow precipitate 
was collected by vacuum filtration through a sintered glass funnel. The filter cake was rinsed 
generously with ice-cold distilled water to remove any residual acid and then dried on funnel 
overnight. The crude product was then transferred to a 250‒mL single-neck round-bottomed flask 
and stirred under vacuum (0.1 mm Hg) at rt for 3 h to give a free-flowing off-white solid (12.0 g, 
95%). This solid was suspended in 200 mL of boiling hexanes to give a yellow slurry. EtOH (10 
mL) was added dropwise over which most of the crude material becomes soluble. The insoluble 
material was allowed to settle and the solution was subjected to a hot filtration through a Kimwipe. 
The filtrate was reheated to homogeneity and the neon yellow solution was allowed to stand at rt 
undisturbed for 2 h, over which time pale yellow-white needles formed. These crystals were 
collected by vacuum filtration and rinsed with ice-cold 5% EtOH in hexanes. The mother liquor 
was subjected to two additional recrystallizations following the same procedure, and all three 
crystal crops were combined to give 5-chloro-2-hydroxy-3-nitrobenzoic acid (8.44 g, 67%). An 
analytically pure sample was obtained as follows. The white crystalline compound (440 mg) was 
taken up in 10 mL of boiling hexanes to give a pale yellow slurry. Boiling EtOH (1 mL) was added 
dropwise to this solution to give a homogeneous solution, which was submitted to a hot filtration 
through a pre-heated glass funnel/Kimwipe into a 50 mL Erlenmeyer flask. To this solution was 
added an additional 20 mL of hexanes and the solution was reheated to homogeneity. This solution 
was allowed to cool slowly to rt, over which time white crystals formed. The recrystallization was 
allowed to stand at rt for 2 h undisturbed, then collected by Büchner filtration and rinsed with an 
excess of room temperature hexanes. The white crystals were transferred to a oven-dried 
scintillation vial (previously washed with No-Chromix solution), the crystals were ground with a 
glass stirring rod, and then dried in a drying pistol over P2O5 (dichloromethane) under high vacuum 
(0.1 mm Hg) for 2 h, then dried at rt for an additional 3 h, to give 429 mg, of the fluffy white solid 
(97% recovery). 
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Data for 212: 
 m.p.: 163–164 °C 
 1H NMR: (500 MHz, CD3OD) 
  8.18 (d, J = 2.7 Hz, 1H, HC(3)), 8.16 (d, J = 2.7 Hz, 1H, HC(1)).  
 13C NMR: (126 MHz, (CD3)2SO) 
169.7 (HO2C(7)), 154.3 (O2N-C(4)), 138.7 (HO2CC(6)), 134.4 (HC(3)), 129.7 
(HC(1)), 120.9 (ClC(2)), 118.6 (HOC(5)). 
 IR: ATR-FTIR 
3080 (w), 1681 (w), 1526 (w), 1434 (w), 1345 (w), 1233 (m), 1166 (w), 909 (w), 
797 (w), 728 (w), 698 (m), 551 (w), 499 (w), 462 (w). 
 LRMS: EI+ (7.30e4 eV) 
67.0 (15), 68.0 (68), 69.0 (27), 98.0 (72), 99.0 (22), 127.0 (66), 142.1 (100), 149.0 
(10), 151.1 (8), 176.1 (30), 177.1 (12), 192.1 (10).  
 HRMS: (ESI, [M-1]-) 
  calcd: 215.9700  
  found: 215.9699 
 Analysis: C7H4NO5Cl (217.56) 
  calcd: C, 38.65 H, 1.85 N, 6.44 
  found: C, 38.44 H, 1.75   N, 6.25 
 TLC: Rf 0.14 (silica gel, 30% EtOH in CHCl3 with 1% AcOH, UV) 
 
Preparation of Ethyl 5-Chloro-2-hydroxy-3-nitrobenzoate (213) [LRC-14-DH6749] 
 
 To a flame-dried 500‒mL single-neck round-bottomed flask fitted with a stir bar, reflux 
condenser, and Dean Stark trap was added 5-chloro-2-hydroxy-3-nitrobenzoic acid (8.00 g, 36.77 
mmol, 1.0 equiv.). EtOH (80 mL) was added and the reaction was stirred at rt to give a 
homogeneous, neon yellow solution. At rt, concentrated (98%) sulfuric acid (16.2 mL) was added 
slowly, producing a slight exotherm. Benzene (80 mL) was then added and the reaction mixture 
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was heated to reflux with azeotropic removal of water (oil bath temperature 78 ºC). Periodically, 
the Dean Stark trap was emptied, and after 21 h the reaction was complete by TLC analysis (30% 
EtOH in CHCl3 with 1% AcOH). The reaction was removed from the oil bath and allowed to cool 
to rt, then concentrated to a minimal volume (approx. 20 mL) by rotary evaporation to give a pale 
yellow slurry. The reaction mixture was transferred to a 500‒mL separatory funnel with EtOAc 
(150 mL) and the solution was neutralized with 5% aqueous NaHCO3 (100 mL). The organic layer 
was washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure to 
give a pale yellow solid (9.03 g, 100%). Further basic workup (pH > 5) should be avoided due to 
deprotonation of phenolic residue to give a neon orange solid which is sparingly soluble in most 
solvents. The crude material was dissolved in a minimum of boiling EtOH (75 mL), submitted to 
a hot filtration through a Kimwipe into a 250‒mL Erlenmeyer, reheated to homogeneity, and 
allowed to cool to room temperature. The yellow solution was then cooled in an ice-water bath for 
30 min to induce crystallization, and then the flask was then cooled to ˗20 ºC overnight. The white 
starburst crystals were collected by vacuum filtration, rinsed with -20 ºC EtOH, and then dried at 
rt under vacuum (0.1 mm Hg) to give a white crystalline solid. An analytically pure sample was 
obtained by recrystallizing a small portion of the above material. The crystalline material (450 mg) 
was taken up in a minimum of boiling EtOH (10 mL) to give a homogeneous, bright yellow 
solution. This solution was filtered through a pre-heated glass funnel/Kimwipe into a 50 mL 
Erlenmeyer flask. An addition 15 mL of EtOH was added and the solution was reheated to 
homogeneity. This solution was allowed to cool to rt slowly, then cooled in an ice-water bath and 
scratched to induce crystallization. The flask was allowed to stand undisturbed at 0 ºC for 2 h, then 
at ˗20 ºC for 18 h. The shiny white flakes were collected by Büchner filtration, rinsed with an 
excess of cold (˗20 ºC) EtOH, and allowed to dry on the filter paper until a free-flowing solid was 
obtained. The white crystals were transferred to an oven-dried scintillation vial (previously washed 
with No-Chromix solution), the crystals were ground with a glass stirring rod, and then dried in a 
drying pistol over P2O5 (dichloromethane) under high vacuum (0.1 mm Hg) for 3 h, then dried at 
rt for an additional 2 h, to give 363.4 mg, of the fluffy white solid (81% recovery). 
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Data for 213: 
 m.p.: 64–65 °C 
 1H NMR: (500 MHz, CDCl3) 
12.02 (s, 1H, OH), 8.14 (d, J = 2.7 Hz, 1H, HC(3)), 8.10 (d, J = 2.7 Hz, 1H, HC(1)), 
4.49 (q, J = 7.1 Hz, 2H, H2C(8)), 1.46 (t, J = 7.1 Hz, 3H, H3C(9)). 
 13C NMR: (126 MHz, CDCl3) 
168.1 (O=C(7)), 154.4 (O2N-C(4)), 138.4 (EtO2CC(6)), 135.2 (HC(3)), 131.1 
(HC(1)), 123.5 (ClC(2)), 117.0 (HOC(5)), 63.3 (H2C(8)), 14.2 (H3C(9)). 
 IR: ATR-FTIR 
3088 (w), 1670 (m), 1585 (w), 1535 (m), 1443 (m), 1406 (w), 1382 (w), 1344 (m), 
1321 (m), 1249 (s), 1185 (m), 1171 (m), 1116 (w), 1018 (m), 936 (w), 906 (w), 894 
(w), 868 (w), 816 9w), 796 (s), 760 (w), 722 (s), 553 (w). 
 LRMS: (TOF MS AP+, 9.58e6 eV) 
140.97 (10), 198.97 (15), 199.98 (100), 201. 97 (30), 216.98 (15), 245.01 (15), 
246.02 (10). 
 HRMS: (ESI, [M-1]-) 
  calcd: 244.0013  
  found: 244.0011 
 Analysis: C9H8NO5Cl (245.62) 
  calcd: C, 44.01 H, 3.28 N, 5.70 
  found: C, 43.83 H, 3.15   N, 5.57 
 TLC: Rf 0.36 (silica gel, hexanes//EtOAc 4:1, UV/by eye) 
 
Preparation of Ethyl 5-Chloro-2-methylbenzo[d]oxazole-7-carboxylate (215) [LRC-14-
DH6751, LRC-14-DH6754] 
 
 To a flame-dried 250‒mL round-bottomed single-neck flask fitted with a septum and 
magnetic stir bar was added ethyl 5-chloro-2-hydroxy-3-nitrobenzoate (7.72 g, 31.43 mmol, 1.0 
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equiv.). The flask was evacuated and backfilled with Ar, then EtOH (93 mL) was added and the 
reaction mixture was stirred under Ar at rt to give a homogeneous, bright yellow solution. Three 
spatula tips of Raney nickel (approximately 1.0 g total) were added and rinsed off of the slides 
with EtOH (7 mL) to give a heterogeneous, green solution. The reaction system was removed from 
Ar and the headspace was purged with two balloons of H2 (g), over which time the reaction turns 
slightly yellow. The balloon was refilled and the system was sealed and stirred at rt for 18 h. 
Initially the reaction mixture turns red, but then ends as army green. The balloon was refilled the 
next morning and the reaction was stirred for an addition 6 h, over which time the balloon pressure 
did not appear to change. The headspace was then cleared of hydrogen gas by purging with Ar for 
15 min. The reaction mixture was filtered through celite using an excess of EtOAc (500 mL) taking 
care to not allow the Raney nickel to become dry. The filtrate was concentrated by rotary 
evaporation to yield a yellow-green sludge. This solid was redissolved in TBME (100 mL) and 
precipitated with hexanes (200 mL). Concentration with successive precipitation with hexanes 
yields ethyl 3-amino-5-chloro-2-hydroxybenzoate as a workable mustard-yellow solid (6.68 g, 
99%). This material was stored under Ar and used immediately in the next reaction. 
 To the 500‒mL round-bottomed flask containing crude ethyl 3-amino-5-chloro-2-
hydroxybenzoate (6.50 g, 30.14 mmol, 1.0 equiv.) was added p-toluenesulfonic acid (260 mg, 5 
mol %). The flask was fitted with a magnetic stir bar and Ar inlet, then evacuated and backfilled 
with Ar. Triethylorthoacetate (55 mL, 10 equiv.) was added and the solution was stirred at rt to 
give a brown solution. The flask was fitted with a reflux condenser and then added to a  pre-heated 
oil bath (oil bath temp. = 100 ºC). The reaction was stirred at 100 ºC for 32 h and then allowed to 
cool to rt. The solvent was then partially removed by rotary evaporation, then the mixture was 
stirred at 40 ºC under high vacuum (0.1 mm Hg) with a dry ice condenser trap to remove residual 
triethylorthoacetate to give a brown solid (7.81 g, >100%). The crude material was purified by 
flash chromatography (SiO2, 40 mm × 200 mm, 400 mL forecut then 25 mL fractions (48 total), 
loaded on celite, eluent: 15% EtOAc in hexanes (2 L) to 33% EtOAc in hexanes (300 mL)) yields 
ethyl 5-chloro-2-methylbenzo[d]oxazole-7-carboxylate as a white solid (4.84 g, 67% over 2 steps). 
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Data for 214: 
 m.p.: 48–52 °C 
 1H NMR: (500 MHz, CDCl3) 
10.63 (br s, 1 H, OH), 6.90 (d, J = 2.6 Hz, 1 H, HC(1)), 6.82 (d, J = 2.6 Hz, 1 H, 
HC(3)), 5.34 (br s, 2 H, NH2), 4.33 (q, J = 7.1 Hz, 2 H, H2C(8)), 1.32 (t, J = 7.1 Hz, 
3 H, H3C(9)). 
 13C NMR: (126 MHz, CDCl3) 
169.0 (EtO2C(7)), 147.1 (EtO2C-C(6)), 139.7 (Cl-C(2)), 123.0 (H2N-C(4)), 116.6 
(HC(1)), 113. 8 (HC(3)), 112.0 (HO-C(5)), 61.6 (H2C(8)), 13.8 (H3C(9)). 
 IR: ATR-FTIR 
3435 (s), 3322 (s), 1675 (m), 1637 (s), 1474 (m), 1397 (s), 1297 (m), 1278 (m), 
1221 (m), 1184 (m), 1114 (s), 1035 (m), 841 (s), 782 (m), 725 (m), 688 (m), 489 
(m).   
 LRMS: (TOF MS AP+, 3.29e5 eV): 
114.01 (12), 142.01 (32), 144.00 (10), 168.99 (17), 170.00 (100), 171.99 (31), 
216.04 (10). 
 HRMS: (ESI, [M+H]+): 
  calcd: 216.0427 
  found: 216.0424 
 TLC: Rf 0.66 (silica gel, hexanes/EtOAc 2:1, UV/I2) 
 
Data for 215: 
 m.p.: 64–65 °C 
 1H NMR: (500 MHz, CDCl3) 
7.90 (d, J = 2.1 Hz, 1 H, HC(1)), 7.80 (d, J = 2.1 Hz, 1 H, HC(3)), 4.47 (q, J = 7.1 
Hz, 2 H, H2C(8)), 2.71 (s, 3 H, H3C(11)), 1.45 (t, J = 7.1 Hz, 3 H, H3C(9)). 
 13C NMR: (126 MHz, CDCl3) 
166.6 (H3CNO-C(10)), 163.2 (EtO2C(7)), 148.8 (EtO2C-C(6)), 144.2 (C(4)), 129.6 
(Cl-C(2)), 126.5 (HC(3)), 124.0 (HC(1)), 115.7 (C(5)), 61.9 (H2C(8)), 14.8 
(H3C(11)), 14.4 (H3C(9)).  
 IR: ATR-FTIR 
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3061 (w), 1720 (m), 1624 (w), 1577 (w), 1461 (w), 1414 (w), 1331 (w), 1294 (m), 
1236 (m), 1208 (w), 1162 (m), 1115 (w), 1044 (m), 1015 (w), 997 (w), 919 (m), 
896 (m), 885 (w), 864 (w), 834 (m), 781 (m), 746 (m), 659 (w), 642 (w), 592 (w). 
 LRMS: (TOF MS AP+, 2.40e5 eV) 
166.0 (12), 168.0 (8), 194.0 (100), 196.0 (30), 211.0 (18), 212.0 (28), 214.0 (10), 
239.0 (23), 240.0 (75), 242.0 (28). 
 HRMS: (ESI, [M+H]+): 
  calcd: 239.0349 
  found: 239.0347 
 Analysis: C11H10ClNO3 (239.66) 
  calcd: C, 55.13 H, 4.21 N, 5.84 
  found: C, 54.87 H, 4.11   N, 5.83  
 TLC: Rf 0.31 (silica gel, hexanes/EtOAc 4:1, UV) 
 
Preparation of 5-Chloro-7-hydroxymethyl-2-methylbenzo[d]oxazole (216) [LRC-15-
DH6773] 
 
 To a flame-dried 250–mL 3-neck round-bottomed flask fitted with an Ar inlet, internal 
temperature probe, and magnetic stir bar was added ethyl 5-chlorobenzo[d]oxazole-7-carboxylate 
(2.50 g, 10.43 mmol, 1.0 equiv.) under a stream of Ar. The solid material was taken up in 
dichloromethane (70 mL) and cooled in a dry ice/acetone bath (I.T. = −79 ºC). To this solution 
was added 1.0 M DIBAL-H in hexanes (27.1 mL, 2.6 equiv.) dropwise over 15 min while 
maintaining the internal temperature below −74 ºC. The reaction was stirred at −78 ºC for 45 min, 
then the reaction was quenched by the addition of EtOAc (4.1 mL) for 1 h, then by the addition of 
saturated Rochelle’s salt solution (20 mL). The reaction mixture was transferred 250–mL 
separatory funnel with dichloromethane (30 mL) and saturated brine (20 mL). The resultant 
emulsion was extracted with EtOAc (4 × 50 mL), dried over Na2SO4, filtered through celite, and 
concentrated by rotary evaporation to yield a crude red-orange solid that was used directly in the 
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next step. 
 A 100–mL round-bottomed flask containing the crude material from the previous step was 
fitted with an Ar inlet and magnetic stir bar, evacuated, and backfilled with Ar. To this flask was 
added EtOH (31 mL) and the reaction was cooled in an ice-water bath. Sodium borohydride (177.6 
mg, 4.70 mmol, 1.5 equiv.) was added in a single portion and the reaction was stirred at 0 ºC for 2 
h, then quenched by the slow addition of saturated aqueous NH4Cl (30 mL). The reaction mixture 
was concentrated by rotary evaporation to remove the majority of the EtOH, then transferred to a 
60–mL separatory funnel with 20 mL of EtOAc. The aqueous layer was extracted with EtOAc (3 
× 15 mL) and dichloromethane (2 × 20 mL). The crude organic mixture was dried over Na2SO4, 
filtered through celite, concentrated, and dried under vacuum (0.1 mm Hg) to give the crude 
material as a brown solid. Purification by flash chromatography (SiO2, 30 mm × 210 mm, 10 mL 
fractions, dry load on celite, hexanes/EtOAc gradient elution (15:1 (200 mL) to 10:1 (200 mL) to 
4:1 (500 mL) to 2:1) yielded 5-chloro-7-hydroxymethyl-2-methylbenzo[d]oxazole as a pale pink 
solid (630 mg, 30% over 2 steps). . A small portion (120 mg) was dissolved in a minimum of 
boiling EtOH (15 mL), subjected to a hot filtration (Kimwipe), and reduced to a volume of 
approximately 10 mL. This solution was allowed to cool to room temperature, and was then cooled 
in an ice-water bath to initiate crystallization. Upon crystal formation, the flask was cooled to ˗20 
°C for 18 h. The slightly pink crystals were collected by Büchner filtration, rinsed with cold ˗20 
°C) ethanol and then ice-cold pentane. The solid was collected in a No-Chromix washed 
scintillation vial and dried under high vacuum (0.1 mm Hg) overnight at rt to yield 7-
(hydroxymethyl)-5-chloro-2-methylbenzo[d]oxazole was a pale pink powder. 
 
Data for 216: 
 m.p.: 141–142 °C (EtOH) 
 1H NMR: (500 MHz, CDCl3)  
7.52 (d, J = 2.1 Hz, 1 H, HC(3)), 7.32 (d, J = 2.1 Hz, 1 H, HC(1)), 4.92 (s, 2 H, 
H2C(7)), 2.63 (s, H3C(9)), 2.46 (br s, 1 H, OH). 
 13C NMR: (500 MHz, CDCl3)  
165.3 (C(8)), 147.2 (C(5)), 142.5 (C(4)), 129.8 (C(2)), 125.1 (C(6)), 123.5 (HC(1)), 
118.6 (HC(3)), 59.7 (H2C(7)), 14.7 (H3C(9)). 
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 IR: ATR-FTIR 
3336 (w), 2872 (w), 2833 (w), 1571 (w), 1410 (m), 1374 (w), 1311 (w), 1280 (m), 
1206 (w), 1170 (m), 1102 (m), 1076 (w), 1025 (w), 1002 (m), 932 (m), 890 (w), 
883 (w), 860 (m), 824 (m), 702 (w), 660 (m), 601 (w), 546 (m). 
 LRMS: (EI+, 70 eV) 
62.9 (17), 75.0 (16), 92.0 (20), 126.0 (30), 134.0 (17), 154.9 (16), 162.0 (47), 167.9 
(25), 1799 (32), 196.9 (100), 198.9 (30). 
 Analysis: C9H8ClNO2 (197.62) 
calcd: C, 54.70 H, 4.08 N, 7.09 
found: C, 54.62 H, 4.02   N, 6.92 
 TLC: Rf 0.14 (silica gel, hexanes/EtOAc 3:1, UV) 
 
Preparation of 7-(Bromomethyl)-5-chloro-2-methylbenzo[d]oxazole (216) [LRC-15-
DH6779] 
 
 To a flame-dried 25‒mL Schlenk flask fitted with a septum and stir bar, was added 7-
hydroxymethyl-5-chloro-2-methylbenzo[d]oxazole (200 mg, 1.01 mmol, 1.0 equiv.) and carbon 
tetrabromide (402.0 mg, 1.21 mmol, 1.2 equiv.). The flask was evacuated and backfilled with Ar 
twice, then CH2Cl2 (14.4 mL) was added and the reaction mixture was stirred to give a dark pink 
solution. To this mixture was then added triphenylphosphine (318.5 mg, 1.21 mmol, 1.2 equiv.) at 
rt and then reaction mixture immediate loses its pink color and turns yellow. The reaction was 
stirred rt for 2 h, after which time the reaction was complete as indicated by TLC (3:1 
hexanes:EtOAc, vis: UV). The reaction mixture was then transferred to a 250‒mL round-bottomed 
flask, celite was added, and the crude material was absorbed onto celite using rotary evaporation 
(20 mm Hg) for immediate purification by column chromatography. The crude material was 
purified by flask chromotagraphy (SiO2, 25 mm × 130 mm, dry load, equilibration with hexanes, 
10 mL fractions, elution: 100% hexanes (150 mL forecut), then 4:1 hexanes:EtOAc (500 mL, 33 
fractions total)) to give 7-(bromomethyl)-5-chloro-2-methylbenzo[d]oxazole as a white solid 
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(238.3 mg, 90%). An analytically pure sample was obtained by recrystallization. A small portion 
(183 mg) was dissolved in a minimum of boiling 2-propanol (20 mL), subjected to a hot filtration 
(Kimwipe), and reduced to a volume of approximately 15 mL. This solution was allowed to cool 
to room temperature, and was then cooled in an ice-water bath to initiate crystallization. Upon 
crystal formation, the flask was cooled to ˗20 °C for 5 h. The white crystals were collected by 
Büchner filtration, rinsed with ice-cold 2-propanol and then ice-cold pentane. The solid was 
collected in a No-Chromix washed scintillation vial and dried under high vacuum (0.1 mm Hg) 
overnight at rt to yield 7-(bromomethyl)-5-chloro-2-methylbenzo[d]oxazole was a white powder 
(50.7 mg, 28% recovery). 
 
Data for 217: 
 m.p.: 98–99 °C (i-PrOH) 
 1H NMR: (500 MHz, CDCl3)  
7.58 (d, J = 2.0 Hz, 1 H, HC(3)), 7.31 (d, J = 2.0 Hz, 1 H, HC(1)), 4.64 (s, 2 H, 
H2C(7)), 2.68 (s, 3 H, H3C(9)). 
 13C NMR: (500 MHz, CDCl3)  
165.4 (C(8)), 147.5 (C(5)), 142.9 (C(4)), 129.6 (C(2)), 125.4 (HC(1)), 121.7 
((C(6)), 119.4 (HC(3)), 25.2 (H2C(7)), 14.7 (H3C(9)). 
 IR: ATR-FTIR 
3040 (w), 2981 (w), 1572 (w), 1406 (w), 1276 (w), 1222 (w), 1182 (w), 1083 (w), 
926 (w), 894 (w), 894 (w), 858 (m), 818 (m), 764 (w), 670 (w), 571 (m), 513 (w). 
 LRMS: (EI, 70 eV) 
  75.0 (50), 110.9 (22), 138.9 (20), 179.9 (100), 181.9 (80), 258.8 (20), 260.8 (28). 
 Analysis: C9H7BrClNO (260.52) 
calcd: C, 41.49 H, 2.71 N, 5.38 
found: C, 41.35 H, 2.62   N, 5.18  
 TLC: Rf 0.22 (silica gel, hexanes/EtOAc 10:1, UV) 
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